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PREFACE. 


This volume, the completion of which has been much delayed by the 
participation of America in the World War, contains the results of an 
investigation covering a period of eight years. The discovery by 
Becquerel and Onnes, that the fluorescence of certain uranyl compounds 
is resolved into groups of narrow line-like bands when these substances 
are excited to luminescence at very low temperatures, suggested to the 
present authors the desirability of a thorough and systematic study of 
this subject. 

The spectra of numerous uranyl salts, many of which were espe- 
cially prepared for this purpose, have now been mapped. Owing to 
the extraordinarily complex character of the phenomena, no satis- 
factory theory has as yet been evolved, but the mass of facts here 
recorded and the general principles established will, it is hoped, afford 
a basis for the successful theoretical development of this important 
and little understood branch of the science of radiation. 


PuysicAL LABORATORY OF CORNELL UNIVERSITY, 
May 24, 1919. 
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FLUORESCENCE OF THE URANYL SALTS. 


By Epwarp L. Nicuots anp Horace L. Howes. 


I. HISTORICAL INTRODUCTION. 


The beginnings of precise knowledge concerning the luminescence of 
the compounds of uranium are to be found in the classical memoirs 
of George Gabriel Stokes and of Alexandre Edmond Becquerel. It is 
true that Brewster’, who observed the fluorescence of chlorophyl and 
other substances in 1833 and gave the phenomenon the name of internal 
dispersion, mentioned a yellow glass, doubtless the ‘‘canary glass’’ of 
commerce, which exhibited the same property, but it remained for 
Stokes,” by means of the beautiful experiments described in his papers 
entitled ‘‘The Change in the Refrangibility of Light,” to really eluci- 
date the phenomena and to lay the foundation for all subsequent work 
on fluorescence. 

Having observed, by the use of suitable light-filters and by his 
ingenious and elegant method of transverse dispersion, the unusual 
character of the fluorescence and absorption of this glass, Stokes pro- 
ceeded to the investigation of such compounds of uranium as he was 
able to procure. From the nitrate he made the acetate, oxalate, and 
phosphate; also uranates of potassium and calcium and the oxides. 
He also obtained specimens of autunite (uranyl calcium phosphate) 
and chalcolite (uranyl copper phosphate). After observations of these 
minerals he writes (Sec. 145): 


“The intervals between the absorption bands of green uranite were nearly 
equal to the intervals between the bright bands of which the derived spectrum 
(2. e., the fluorescence spectrum) consisted in the case of yellow uranite. After 
having seen both systems I could not fail to be impressed with the conviction of a 
most intimate connection between the causes of the two phenomena, unconnected 
as at first sight they might appear. The more I examined the compounds of 
uranium, the more this conviction was strengthened in my mind.” 


Upon reading Stokes’s memoir one can not but feel that had he had 
at his command a modern spectroscope he would infallibly have antici- 
pated by more than half a century much of the recent work on fluores- 
cence. He used light-filters to prevent the exciting beam from sub- 
merging the fluorescence on the one hand and to exclude the exciting 


1 Sir David Brewster, Trans. Roy. Soc. Edin., vol. x11. 1833. 
2 Stokes, Phil. Trans., 1852, p. 463; 1853, p. 385. 
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rays from entering the eye on the other, and thus by means of a prism 
held to the eye was able to observe the spectra of both fluorescence and 
absorption with surprising accuracy. 

Paragraph 148 of his paper describes his observations on uranyl 
nitrate. In the following quotation of that paragraph certain pas- 
sages forecast in an extraordinary manner some of the conclusions 
reached in subsequent chapters of the present monograph: 


“The sun’s light was reflected horizontally by a mirror and condensed by 
passing through a large lens. It was then transmitted through a vessel with 
parallel sides containing a moderately strong ammoniacal solution of a salt 
of copper. The strength of the solution and the length of the path of the 
light within it were such as to allow of the transmission of a little green besides 
the blue and violet. 

“A crystal of nitrate of uranium was then attached to a narrow slit and 
placed in the blue beam which had been transmitted through the solution, 
the crystal being turned toward the incident light. The light coming from 
the crystal through the slit was then viewed from behind and analyzed by a 
prism. A most remarkable spectrum was then exhibited, consisting from end 
to end of nothing but bands arranged at regular intervals. The interval 
between consecutive bands appeared to increase gradually from the red to the 
violet, just as is the case with bands of interference. Although this interval 
appeared to alter continuously from one end of the spectrum to the other, 
the entire system of bands was made up of two distinct systems, different in 
appearance and very different in nature. The less refrangible part of the 
spectrum, where, only for the crystal, there would ‘have been nothing but 
darkness, was filled with narrow bright bands due to the light that had changed 
its refrangibility. The more refrangible part of the spectrum was occupied 
by the system of bandsof absorption. The interval between the most refrang- 
ible light band and the least refrangible dark band of absorption appeared to 
be a very little greater than one band interval, so that had there been one 
more band of either kind the least refrangible absorption band would have 
been situated immediately above the most refrangible bright band. With 
strong light I think I have seen an additional band of this nature.” 


Becquerel, in the course of his work on phosphorescence, notes the 
fact that most of the compounds of uranium show a strong emission 
- of light when examined with the phosphoroscope. He determined 
the duration as three to four thousandths of a second; and to test his 
empirical formule made measurements of the rate of decay which, as 
will be seen, are in good agreement with the results described in 
Chapter IV of the present treatise. With a prism of carbon bisulphide 
he observed 8 bright bands in the spectrum of the phosphorescent light 
of uranyl nitrate; he determined the approximate range in the violet 
and ultra-violet of the exciting rays; noted that the bands in the 
spectra of various uranyl salts, such as the chloride, fluoride, and 
uranyl potassium sulphate, occupy different places. He also esti- 
mated their relative displacements when compared with the bands of 
the nitrate. By comparing the spectrum of the nitrate during excita- 
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tion with that of the afterglow, Becquerel reached the very important 
conclusion that the fluorescence and phosphorescence are identical. 
This point finds ample confirmation in the present work. 

In 1872, E. Becquerel returned to the study of the uranyl salts. 
The following are the conclusions reached in this investigation: 


(1) The salts of the protoxide of uranium are inactive. 

(2) Many, but not ail, salts of the sesquioxide (uranyl salts) are active. 

(3) Five, six, and sometimes seven bright bands, or groups, are visible; 
lying between the Fraunhofer lines C and F. 

(4) The positions of the bands vary for different salts, but are always 
the same for a given salt. 

(5) The acid of composition determines the disposition of both bright 
and dark bands. 

(6) In double salts of the same acid the composition of individual groups is 
the same, but their position is not the same for the different salts. 

(7) In a given substance the distance between bands, as viewed in the 
spectroscope, increases from red to violet; but the differences of 
wave-length decrease. The ratio of the above. distances to the 
square of the mean wave-length is nearly constant throughout the 
spectrum, and this ratio (d/2) is the same for the various salts. 

(8) No simple relation is apparent between the location of homologous 
bands in different compounds and the chemical properties of the 
compounds. 

(9) The absorption spectra also differ for the various compounds and the 
absorption bands seem to form a continuation of the fluorescence 
series. 

(10) The location and character of these spectra being fixed and definite 
for each compound, we have the basis for an analytical method 
similar to but less general than ordinary spectrum analysis. 


In 1873, Henry Morton and H. Carrington Bolton published an 
account of extended studies of the fluorescence and absorption of the 
uranyl salts.? Their list contains 85 substances, chiefly of their own 
preparation, including 17 double acetates; but not all of these com- 
pounds were found to be fluorescent. Readings were made on the 
Bunsen scale in vogue at that time, and some of these, for comparison 
with our own determinations, will be found, reduced to approximate 
wave-lengths, in Chapter III. 

Figure 1, which is reproduced from the paper of Morton and Bolton, 
gives an excellent general view of some of the most interesting of their 
observations. The unshaded portions are fluorescence bands, the 
shaded regions are the bands of absorption. The partial resolution 
of the bands in several cases is clearly shown and the breaking-up into 
distinct groups of the uranyl ammonium chloride; also the coincidence 
in certain cases of absorption and fluorescence in what in this mono- 
graph we shall term the reversing region. 


1. Becquerel, Comptes Rendus, txxv, p. 296. 1872. 
2 Morton and Bolton, Chem. News, pp. 47, 113, 164, 273, 244, 257, 268. 1873. 
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The authors note specifically the following further important char- 
acteristics of the spectra of the urany] salts: 


(1) The steeper gradation of light on the side toward the violet in the 
case of bands showing a single crest. 

(2) The weakness of the outer bands, both toward red and violet, com- 
pared with the central bands of the spectrum. 

(3) The overlap of fluorescence and absorption. 

(4) The systematic shift of bands when a salt is dissolved in water and 
other solvents. : 

(5) The remarkable changes due to the dehydration of salts containing 
water of crystallization. 

(6) The effects of heating. 
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Fie. 1.—1. Uranic nitrate. 2. Uranie acetate. 3. Sodio-uranic acetate. 4. Uranic oxychlo- 
ride (acid), mixed hydrates. 5. Potassio-uranic oxychloride. 6. Uranic oxyfluoride. 7. Bario- 
uranic oxyfluoride. 8. Uranic phosphate, mixed hydrates. 9. Calcio-uranic phosphate. 
10. Ammonio-uranic sulphate. 
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Morton and Bolton, like Becquerel, refer to the possibility of deter- 
mining the composition of uranyl compounds from the observation of 
their fluorescence spectra and state that even minute quantities, 
present as impurities, may be detected by means of their characteristic 
bands. 

Hagenbach! likewise published a considerable list of fluorescence 
bands for the uranyl] salts, but his paper adds little to the data of 
Becquerel and of Morton and Bolton. 

In 1903, J. Becquerel and Onnes, working in the cryogenic laboratory 
at Leyden, excited various uranyl salts to fluorescence at the tempera- 
tures of liquid air and of liquid hydrogen respectively. 

At —185° C. each band of the spectrum was found to be resolved 
into a group of much narrower bands. The spectra of a number of 
compounds were photographed, using a grating spectrograph, and the 
most prominent bands were mapped. 

It was shown in the course of this investigation that the resolved 
spectra are made up of series of bands, the frequency interval varying 
slightly for different compounds; also that each group in a given spec- 
trum is similar to all the other groups as regards the arrangement and 
the relative intensities of its components. In the reversing region, 
where fluorescence goes over into absorption, the coincidence in posi- 
tion of bright and dark bands was pointed out. Further cooling to 
the temperature of liquid hydrogen rendered the individual bands 
sharper and more line-like, but there was no further resolution. 

This resolution of the fluorescence spectra by cooling constitutes the 
most important advance subsequent to the discoveries of Stokes and 
of E. Becquerel, since it affords a means of studying the more intimate 
structure of these remarkable spectra. It forms, indeed, the starting- 
point for the present investigation. 


1 Hagenbach, Annalen der Physik., v. 146, p. 395. 1872. 


I]. THE STRUCTURE OF FLUORESCENCE SPECTRA. 


A fluorescence spectrum consists of one or more bright bands, and 
these may greatly vary in width, from the very broad bands, filling a 
great part of the visible spectrum, characteristic of the fluorescent 
dyestuffs and the phosphorescent sulphides, to the line-like bands of 
the ruby. 

Such a spectrum is either a homogeneous complex of systematically 
related components or a heterogeneous complex of unrelated compo- 
nents. In either case the components frequently overlap, giving the 
appearance of a single band, which may be described as a mixed band 
(an unresolved heterogeneous complex) or a homogeneous band, respec- 
tively. Where the components overlap less completely or not at all the 
appearance is that of a group of bands. 

It is probable that a heterogeneous complex is always the result of 
a mixture of two or more compounds the fluorescence of each of which 
by itself gives a homogeneous 
complex. 

The phosphorescent  sul- 
phides afford spectra which 
may serve to illustrate the 
above classification. A stron- 
tium sulphide with bismuth as 
the active metal and a flux of 
sodium sulphate, for example, 
has a fluorescence spectrum 
which appears to the eye to 
consist of a single band with 
its crest at 0.480 u. <A recent 
spectrophotometric explora- 
tion by Dr. H. L. Howes,} 
however, shows a group of 
closely over-lapping compo- 
nents (see fig. 2). The crests 
of these are located as shown 
in table 1; and as they are 
systematically related, form- ° 
ing members of a series having 
a uniform interval of frequency 
difference, thisisto be regarded 
as a homogeneous band or homogeneous complex. 

Similarly, the fluorescence of a barium sulphide with copper as the 
active metal and a flux of sodium borate, when viewed through an 


L.& K. No. 13. SR. BI. NAg SOg. 


Au aye Ou 
Fra. 2. 


1 Proceedings American Philosophical Society, tv1, p. 258. 1917. 
10 


GENERAL DISCUSSION OF FLUORESCENCE SPECTRA. 11 


ordinary spectroscope, has a spectrum which seems to consist of a 
single very broad band. A spectrophotometric study reveals, how- 
ever, two neighboring and overlapping bands. These have their crests 
in the red and green respectively and are complex. (See fig. 3.) 


TaBLE 1.—Approximate wave-lengths of visible crests in the spectrum of a phosphorescent 
strontium sulphide (Sr; Bi; Na2SO), No. 13. 


Visible Visible 
crests Intervals. ye crests Intervals. 
1/103. 


0.5238 1909 


The components of the band in the green are members of a series 
having a constant frequency interval of 70 (see table 2), while the 
components of the band in the red form a series with an interval of 


L.& K. No. 33. BA.CU. NA, B, O, 


Aas Roy) Roy} 
Fig. 3. 


26.6. The two series overlap, as may be seen from figure 3. In this 
example the spectrum as a whole forms a heterogeneous complex made 
up of two homogeneous complex bands which are partially super- 
imposed. 

The fluorescence spectrum of commercial anthracene affords an 
example of a heterogeneous complex easily resolved into a group of 
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bands. There are at least 7 such bands, 4 of which are seen in the 
spectroscope with a region in the violet not readily resolved by visual 
observations. This violet fluorescence has, however, been determined 
photographically by Miss McDowell.! The approximate location of 
the bands in this spectrum is shown in figure 4. 


Taste 2.—Approximate wave-lengths and frequencies of visible crests in the spectrum of a 
phosphorescent barium sulphide (Ba; Cu; Na2B4O7). 


Green complex. Red complex. 


Visible Visible 


Intervals. 


While all of these bands are pres2nt in the fluorescence of the impure 
commercial product, they are not all due to any one constituent. By 
solution and subsequent fractional sublimation, as is well known, it 
is possible to partially separate the substance into pure anthracene, 
which has a violet fluorescence and a residue containing chrysogen, the 
fluorescence of which is green. 


Fig. 4. 


Miss McDowell has shown that the bands 6, 7, and 8 belong to the 
anthracene thus obtained, while band 4 is also present in its spectrum. 
Bands 1, 2, 3, and 4 are characteristic of the green residue. 


1 Miss L. 8S. McDowell, Physical Review (1), xxv1, p. 155. 1908. 
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The presence of band 4 in both spectra may be due to the imperfect 
separation of the two substances. That it is much stronger in spectra 
obtained from mixtures showing green fluorescence than from those 
the fluorescence of which is blue-violet would seem to warrant ascribing 
it to the chrysogen component, a conclusion strengthened by the con- 
sideration of the placing of the bands. The most probable positions 
of the crests are given in table 3. The positions of the three bands 
assigned to anthracene are from photographic measurements by Miss 
McDowell;! those due to chrysogen are from spectrophotometric read- 
ings made in 1910,” combined with more recent observations. 


TaBLE 3.—Wave-lengths and frequencies of the bands of commercial anthracene. 


1/uX103, | Difference. 


1603 
1733 
1860 
1996 
2105 
2227 
2347 


It will be noted that the three bands in the blue-violet are members 
of a series having a frequency interval of about 121; also that the 
4 bands of greater wave-length form a series with a somewhat greater 
interval, 2. e., about 131. Band 4 is too near to band 5 to belong 
to the anthracence series, but may, within the rather large errors 
due to the breadth and vagueness of these bands, be regarded as one 

of the chrysogen series. 

There are several criteria based on experimentally established facts 
by which the homogeneity or heterogeneity of a fluorescence band or 
complex may be determined. 


CRITERIA OF HOMOGENEITY. 


(1) The position and distribution of intensities in a homogeneous 
band is independent of the mode of excitation. This was established 
by various observations published several years ago,’ and subsequent 
experience strengthens our conviction that it is a general principle and 
that shifts in position and change of form are to be regarded as indica- 
tions of heterogeneity due to the presence of more than one lumines- 
cent substance. 

(2) The distribution of intensities in a homogeneous band is such 
that the curve has a single well-marked maximum. The slope toward 
the violet is steeper than that toward the red, like that in the corre- 
sponding curve of intensities of an incandescent black body. 

1 Miss L. S. McDowell, 1. c. 
2 Nichols, E. L., Proc. Am. Philos. Soc., xirx, p. 277. 


3 See Nichols and Merritt, Studies in Luminescence, Carnegie [Inst. Wash. Pub. No. 152, pp. 
24, 38, 144. 
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In the case of a partially resolved or wholly resolved homogeneous 
complex the envelope obtained by drawing a curve through the crests 
of the group of bands has the above form, as has the curve of intensities 
of each of the component bands. ; 

A departure from this type indicates heterogeneity. Thus, for 
example, the curve in figure 2 suggests a partially resolved homogeneous 
complex, while that in figure 3 indicates a heterogeneous complex or 
mixed band. 

The best examples thus far are found among the uranyl salts. Figure 5 
shows a typical case in which the envelope of the 7 bands of a uranyl 
salt is shown and with an enlarged scale of wave-lengths the distribu- 
tion of intensities of a single 
band of the same spectrum. 
Other illustrations will be 
found in subsequent chapters 
of this monograph. 

(3) In a homogeneous com- 
plex, the fluorescence spectrum 
is identical with that observed 
during phosphorescence as 
regards the position, relative 
intensity, and structure of 
its component bands. Nor is 2040 
there any change in these 
respects during the process of 
decay. Change of color in passing from the fluorescent to the phos- 
phorescent stage or during phosphorescence is therefore a criterion of 
heterogeneity, since such changes are due to the presence of bands 
having different rates of decay. 

Such subjective changes of color as are due to the loss of intensity 
during decay are excluded from the above statement. 

Most of the phosphorescent sulphides afford examples of heterogene- 
ity clearly indicated by the above criterion and confirmed in other ways, 
while the spectra of the urany] salts, in spite of their great complexity, 
are found, from this criterion, too, strictly homogeneous. 

(4) Persistence of color and of structure when excited to fluorescence 
at different temperatures, the different components of the spectrum 
suffering the same relative changes of intensity, may be regarded as a 
criterion of homogeneity, but the complex changes of structure revealed 
by the resolution of spectra in the process of cooling to the temperature 
of liquid air do not necessarily indicate heterogeneity. 

As will be shown in subsequent chapters, the fluorescent spectra of 
the uranyl salts, for example, are profoundly modified by the cooling 
of the substance, and yet these spectra conform to all other known 
criteria of homogeneity. 


III. PRELIMINARY OBSERVATIONS ON CERTAIN 
URANYL SALTS.! 


Because of their brilliant luminescence and the interesting character 
of their spectra of fluorescence and absorption, the uranyl compounds 
have been the subject of extended study. A brief account of the work 
of previous observers in this field has been given in Chapter I. 

Our original purpose in taking up the study of these substances was 
to determine whether the different bands of the fluorescence spectrum 
are to be regarded as independent, each with its own region of excita-_ 
tion, or whether they form a homogeneous complex, such that the 
excitation of one necessarily involves the excitation of all. In this 
inquiry we have been led to the investigation of many other questions. 

Since, as was first shown by 
Becquerel and Onnes?in the paper 
cited in Chapter I, the bands of 
the uranyl salts are resolved into 
groups of narrow components by 
cooling, it is at the temperature 
of liquid air and chiefly by 
photographic methods that the 
intimate structure of the fluo- 
rescence and absorption spectra 
is to be determined. The study 
of the spectra at ordinary tem- 
peratures, however, isnot without 
significance. 

In this work, where the width 
of the bands is from 50 to 100 
A. u., the spectrophotometer is 
indispensable. Many of the 
measurements to be described 
were made with a special in- Fic. 6. 
strument which combines the 
features of the constant deviation spectrometer and the Lummer- 
Brodhun spectrophotometer. It is essentially a spectrometer of the 
Hilger type, with two collimators C and C’ (fig. 6), a Lummer-Brodhun 
cube L. B., anda constant-deviation prism P with carefully calibrated 
drum. 


1 Certain of the observations contained in this chapter have been published in the Physical 
Review (1), xxxiu1, p. 355, but many of the data there given have been replaced by more Sees 
investigations kindly done at our request by Dr. Frances G. Wick (Physical Review (2), v. 11, p. 121. 
Feb. 1918. 

2 Becquerel and Onnes, Leiden Communications, 110. 1909. 
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For the determination of wave-lengths the eyepiece is provided with 
a pointer in the focal plane and also with the usual slides for isolating 
the region under observation. 

The collimator slits have micrometric adjustment, and to provide 
for convenient comparison through the very great range of intensities 
occurring in the study of fluorescence, the illumination of the com- 
parison slit can be varied by moving the comparison light along a 
photometer bar to any desired distance from the slit. The observing 
telescope can be replaced by a camera whenever photographs of the 
spectra are desired. With this instrument the wave-lengths of the 
bands could be determined by setting the pointer to the region of 
greatest brightness as estimated by the eye and the relative intensities 
could be measured spectrophometrically. 

Tables 4 to 10 contain the resulting data for several salts; also the 
frequencies corresponding to the wave-lengths and frequency intervals. 
The measurements and computations were kindly made by Miss Wick, 
who likewise determined the relative brightness of the bands in several 
of the spectra. 

From the data in these tables some of the salient features of the 
uranyl spectra may be deduced, viz: 

(1) The weakest bands are at the ends of the spectrum, 7. e., in the 
red and the blue. 

(2) The brightest band is not in the center, being third from the 
violet end and sixth from the red end when all 8 bands of the spectrum 
are visible. 

(3) Taking the frequency intervals, instead of the differences of 
wave-length, the bands, with the exception of the band of shortest 
wave-length (band 8), are equidistant, at least within the rather large 


TaBieE 4.—Fluorescence bands of the nitrates. 


Uranyl nitrate (Anhydrous); (UO: Uranyl nitrate (tri-hydrate) (UOz Uranyl nitrate’ (hexahy- 


3 (NOs)2+3H2O). Observations on a 
aie Width of bands about single large crystal; width of bands On (UO2(NOs)2+6 


about 1004. v. 

Position Position Position j 
of crest |1/uX10%. ne Tntepaatl orenest id /uX103. Inter | inten | Gi orest |i /uX103. —— 
of band. Mira en of band. val. Sane of band. val. 
4720.0 | 2118.6 4871.0 | 2052.9 49.2 4720.8 | 2118.2 

65.8 84.3 69.8 
4871.2 | 2052.8 50.2 5079.7 | 1968.6 100.0 4881.8 | 2048.4 

88.2 86.8 86.4 
5090.0 | 1964.6 100.0 5314.0 | 1881.8 64.5 5096.3 | 1962.0 

87.6 87.6 86.1 
5327.6 | 1877.0 52.7 5573.4 | 1794.2 20.0 5330.6 | 1875.9 

87.4 87.4 87.3 
5587.6 | 1789.6 25.1 5859.0 | 1706.8 5591.2 | 1788.6 

87.2 84.6 87.2 
5874.0 | 1702.4 6164.3 | 1622.2 5877.5 | 701.4 

84.7 85.0 


6181.2 | 1617.7 6186.5 | 1616.4 
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TaBuLE 5.—Fluorescence bands of the double nitrates. 


Ammonium uranyl nitrate (6), UOe(NO3)2:NH, Potassium uranyl nitrate, 
NO3. (Accuracy of setting not to be expected; UO2(NOs3z)2-KNOs. 
the double crest (a and 6) of each band is flat || (Bands broad and fuzzy; over 100 units wide; 
of nearly equal intensity, rather broad, and not crests distinctly double, with a third crest 
well separated.) toward the violet.) 
Position of : Interval. Position of Interval. 
crest of UY etd OS ee crest of 1/u X103. 
band. a-a b-b band. a-a. b-b. 
a-4639 .6 D1 a | Ieee ait Seal Lane aE a-4696 .0 2190. tos eee 
b-4705.3 EOE illcttges sien ats [eile neers sts. TED Me lhe restore. 
72.0 59.6 a-—4860.0 QOS Ts GUNS cteaeslern state ls cietncnete eres 
a—4800.0 DOSS I ceatortarat eke avai] fol stsvexe seve cies b-4904.0 BOSD NON Nisececsiccsuecsceisilayavesshererscerens 
b-4841.6 DOOD TAGEN| Mestoiecec cre challorecasenstehare 6 88.2 81.5 
80.3 84.6 a-5077.5 VOC DAS | eras ea aes [et oeaeaieear cies 
a—4992.6 ZOOS 3 Oumnllacrscavette’soe afere ait laters b-5108.3 VOB Tce Aa elas tsanl| eee oie ekareevests 
b-5048.3 LOSOES ee Wee's etc sian tures Oe, oat 83.7 87.3 
88.8 87.2 a-5303 ..5 TSS5 510 | Serre eeteeestalll oe erste eres 
a-5224.0 POU LED leche ie clatter eretolel ois b-5347.0 STO s Zoe ae ora sevce-ce | wend steko Merore 
b-5280.6 ESOS Bie Were tarevere) seared Nigcais weneirayor ee 85.7 86.7 
87.1 Siat a-5556 .0 1799/8 . | eratcierate seis Wo vie ates 
a-5473.0 SD pds pi eeericrat etc eailit cae steve os b-5607.3 LVSB Bs We aretestean ches [ls weccienneante 
b-5535.6 ESOG ZS ome ws coravelele | Sore alone etae 86.5 86.2 
: 87.6 90.0 a—5836.5 TZVS Sea lerecetre cial eleteeterene eioke 
a-5748.7 Di SOSO wee persA Ss se a\ltc rai orm al coetens b-5891.5 WOOT Se Miers secre ccoker sl er cmenapeeeeaevere 
b-5825 .6 LAGr Om ieetianice soe lo eee 86.3 86.7 
80.2 85.5 a-6146.3 G2 TiO -\ee, ce tate tosses) arehenanercbetstene 
a—6026 .6 VO59B SET ics tats aiaerell eine ite crete b-6209 .0 EOLORGN A eceaee als ccnecersl | hetrecleretetensrs 
b-6130.8 GSU Oy |ierctcke, agsissic ell St averavene mene 
Tasie 5.—continued. Ta BLE 6.—Fluorescence bands of the sulphate. 


Rubidium uranyl nitrate, Uranyl sulphate (UO2S0O4+3H.20). 


UO2(NO3)2-RbNOs. 


oe very broad with two poorly defined crests. Position of Interval. Intensity. 
ith less excitation the bands appear single. + of 1/uX108 
Settings are only roughly approximate.) Bek ae M : 
Position of Internal. Intensity. 
crest of | 1/u 103. 
band. a-a. | b-b. b-b. 
———_—$——_—\-_-—_—_ -4886 
b-4828.0 QO TAL O Se ai ars canta aiol 8 ena te | erator ware aes .4941 
89.0 68.3 
a-4994.5 DOO DUD Alt Me rdisas | cone exe lvel etre ane re ore .5099 
b-5045.5 VOSZ i Oimmliser resto? «ce roe siecetv sees fers .5158 
83.0 | 83.0 100.0 
a-5210.7 TOTO Delete cctarelic srstovarsi lie wus duoreceiecets .63835 
b-5265 .3 SOD Oa eeegercperel| is Seanacens [ident can ein .53897 
85.9 | 89.0 39.4 
a-5454.5 LS8373 0M |e enicce: edienctott | telat eraisesie.ost . 5592 
b-5525.0 ES UOO Mw ore feveieve lates ose «tudor <tvseree: .5662 
90.7 | 92.0 7.6 
a-5738.8 NAD AG wMlencetcate re ersieterc ell sie eccieeern ce . 5877 
b-5820.5 LL SSO ees eter | seeter os ote! ltare Stasavenshabare .5962 
79.6 | 84.0 2.1 
a-6012.0 MEGS Ore Wetseaiywiy [ie veceistetel loxeite erate ahs .6183 


-6284 


b-6119.0 GSE O Te Popes: avelaifisile, ererehe lle eto isis ete ele 
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uncertainties inevitable in the attempt to locate the crests of such 
broad bands. Of this band, which occupies the region lying, roughly, 
between 0.4650 p and 0.4750», only the less-refrangible edge is seen, 
the other side being more or less cut off by absorption. Its apparent 
distance from band 7 is thus reduced. 

(4) In some cases there is sufficient evidence of resolution to enable 
the location of two or more crests. Further evidences of complexity 
will be found in the spectrophotometric study of these spectra, to be 
considered in a subsequent paragraph. 


Tasie 7.—Fluorescence bands of the double sulphates. 


Sodium uranyl] sulphate (UO2SO4. NasSOx). Potassium uranyl sulphate (UO2.SO4. K2SQ,). 
Position o f Position of 
crest of 1/u X103. Interval. | Intensity. crest of 1/uX103.| Interval. | Intensity. 
band. band. 
4744.0 ZEOG Oa eee an eastern team 
hia) 4778.0 209310) ee) - 7 ea scene erenete 
4910.0 2036.6 27.29 66.9 
85.6 4935.5 2026.1 35.33 
5125.0 1951.0 100.00 78.1 - 
83.4 5133.6 1948.0 100.00 
5354.2 1867.6 46.77 84.3 
84.6 5365.6 1863.7 41.22 
5608.4 1783.0 15.13 84.2 
85.4 5619.2 1779.5 12.85 
5890.5 1697.6 5.88 85.2 
84.8 5902.9 16943 |"  <.) 22 Selec 
6200.2 LG6IZ 28: Sl) Cee een eh SIMs 
6201.2 L612 26 hie oo cn se ee ores 
Ammonium uranyl sulphate (UO2SO4. (NH4)2S0s). Rubidium uranyl sulphate 
(The two crests of each band very close and narrow.) (WO2SO04-Rb2SOx,). 
Position of Interval. Position of 
crest of 1/103) | =a mee | LLntensity: crest of 1/uX103. Interval. Intensity. 
band. a-a. | b-b. band. 
mano9.9 |. 2028.8_| “| so | app. dl pbeayee. 0 nll eibn oe, 
4950.0 Son0 sa | coal Sek, VIR oe .0 02.2 oo ee 
83.6 | 84.0 4930.0 2028. : 
a-5140.8 | 1945.2 100.00 praia 80.9 eed 
b-5164.8 AOSG. 25a] hs etic eae a eee 5136.0 1947.4 100.00 
5374.5 | 1860 ke ae 
a- 3 6 21.43 
cle, seme egaeae 5368.7 1862.6 a 49.35 
83.6 | 84.5 1 
a-5627.0 | 1777.0 11.86 Oe es 82.8 ae 
b-5657.8 U76 Tis aay Carel meh y | Sa ee 5894.0 1696.6 
Rodersil!deos'o | 82.5 A 
a- ; : ; 
sah Meet Sele, 6195.5 16143154} > Rhee sis Ba 
83.7 | 85.2 


a-6213.7 1609.3 
b-6251.4 1599.6 
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TaBLe 7.—Fluorescence bands of the double sulphates— 


continued. TABLE 8.—Fluorescence bands of two acetates. 
Uranyl cesium sulphate (UO2SO4. CsSOx). Uranyl acetate. 
(Bands over 100 units wide with sharp maxima near 
the end toward red and secondary maxima (brack- Position of ; 
eted) much less bright and sharp toward the violet.) crest of 1/p X103. Interval. | Intensity. 
Sg band. 
Wave-length | |] | 
of crest of 1/uX10%. | Interval. | Intensity. 4710.0 9193-0. 9 = = aa Salk eee eee 
band. 73.0 
| | | - 4878.0 2050.0 48.16 
4702.0 2126.7 86.9 
F 5094.0 1963.1 100.00 
4876.0 2050.9 : 86.2 
(4933.0) : 5328.0 1876.9 48.86 
5088.5 1965.2 ; 86.7 
(5151.5) ; 5586.0 1790.2 22.36 
5317.0 1880.8 - 86.4 
(5338.0) ‘ 5869.2 10358. [> 0 8 le weeroereerere 
5573.5 1794.2 : 86.3 
(5670.0) 5 6182.3 L6L0s52 00) Se 1 oe ees 
5852.0 1708.8 
6165.0 1622.0 Ammonium uranyl acetate. 


RELATIVE INTENSITIES OF THE | 7o%ition of pias 
BANDS Shes 1/uX103. See AS Intensity. 
2 and. a-a. b. 
To indicate graphically the 4680.0 2) 213600 [2 Le ese 
relative intensities of the bands, | |  — |...... 88.6 
. @-4804 5 SORILa fo a ee 
we may plot their strength, ex Wiese 35 bacon a ee 
pressed in terms of energy, as 87.8 | 84.5 
: o-0016 32.15 1008.5 = | ae 
ordinates and wave-lengths of the ae negeio anand 
crests as abscisse. 86.0 | 87.0 
The resulting curve (see figs. ab ae eee ema 
7, 8, 9, and 10) is a sort of enve- 85.3 | 84.2 
. e487 8) | 18999 1 oe 
lope for the entire spectrum cor- HOE Oe ee isan 
responamg to the curve of distri- |) fo dees 88.3 
° 2 Oe sieveicaeicl 2 Wier eceleyavsieleus) «ih oy 9) fae Mme pillatdemeach oeceweme 
bution of energy. It resembles in aerO 6 ios a to 
type the eurve of energy found {| = =|. |aaaen- 92,51 aeee 


banded fluorescence described in 

earlier communications,’ being 

single-crested and steeper toward the violet. As has been pointed 
out in Chapter II, these curves are very similar to the energy curve 
for temperature radiation. 

Figure 7 contains the envelopes thus plotted of 5 uranyl double 
sulphates. Of these, 4 have their crests at approximately the same 
wave-length (0.515 4). Curve E (cesium uranyl sulphate) is shifted 
slightly, an effect due to the presence of a strong component of each 
band on the violet side of the main crest which influences the estimates 


in the case of the broad, single- | enor g iio onc an ee een 


1 Nichols and Merritt, Physical Review (1), xvi, p. 403; xrx, p. 18. 
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TaBLE 9.—Fluorescence bands of two phosphates. 


Ammonium uranyl phosphate 
(Hz (NH4)2U02(PO.)2). (Bands very 
distinct with narrow crests.) 


Uranyl phosphate (H:UO2:POx). 
(Bands narrow and distinct.) 


Position of Position of 
crest of 1/uX103. | Interval. crest of 1/uX10%. | Interval. 


2063 .0 2063.9 
1991.9 1994.2 
1908.1 1911.5 
1824.4 ; 1828.3 
1739.5 ; 1744.6 
1656.6 ; 1660.8 


1578.3 


TaBLE 10.—Fluorescence bands of a nitrate, oxalate, and fluoride. 


Urany] nitrate Urany] oxalate Potassium uranyl fluoride 
(UO2(NO3)2:6H20). UO02C204:3H20. (UO, Fe-2KF). 


Position of Position of Position of 
crest of |1/uX10%.|Interval.|| crest of {1/uX10%.|Interval.|] crest of |1/u%X103.)Interval. 
band. band. band. 


4700.0 | 2127.6 4715.0 | 2120.9 
4865.0 | 2055.5 4888.0 | 2045.8 ee 2081.9 
5085.8 | 1966.2 Agta eee See 2002.1 
5320.0 | 1879.6 sass.0 | 1se72|. 1915.3 
5582.3 | 1791.3 Beir oulrizss Gi) ee 1829.7 
5867.0 | 1704.3 sate 0% | toossae| ae ie 1740.6 
6179.8 | 1618.1 goas.6. |16080 |e 9 1651.5 


of the location of the latter. The envelopes of the 4 nitrates in figure 8 
have the same characteristics. The crests of 3 agree (at 0.510), 
while the envelope D of rubidium uranyl nitrate, in the spectrum of 
which the bands are vaguely double-crested, is displaced. In the two 
uranyl acetates (fig. 9) the same identity of type and position shows 
itself. 

To reduce these spectrophotometric measurements to relative energy 
units the distribution curve of the comparison light must be known. 
This curve for the acetylene flame, which was the source employed, 
has been carefully determined, and data published by Coblentz were 
used in the computation. 
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In certain cases the resolution of the bands is such that the brightness 
of two crests can be determined and two overlapping envelopes drawn, 
as in figure 10, which pertains to the spectrum of UO.SOi+3H,O. The 
relative brightness of the two crests is seen to vary slightly from band 
to band. 


The changes in the position of the crests in the case of the sulphates, 
nitrates, and acetates is illustrated in figure 11, in whicha typical curve 
from each family of salts is given. 

While these measurements by Dr. Wick do not include all the spectra 
for which such determinations are possible, they suffice to demonstrate 
the essential uniformity of type of the envelopes and to show that 
within a given family, such as the double sulphates or the nitrates, the 
crests occupy the same region in the spectrum. It will be seen, when 
we come to the consideration of the detailed structure of these fluores- 
cence spectra, that there is a slight but definite shift of all the bands 
with molecular weight. 

Spectrophotometric measurements of single unresolved bands, prac- 
ticable with accuracy only in the case of some of the brightest, show the 
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curve of distribution to be of the same type as that obtained when the 
envelope is drawn for the entire spectrum, 7. e., the type associated 
with what we have termed a simple band. (See A in fig. 5, Chapter IT, 
which istheenergy curvefor the brightest band of uranyl potassium sul- 


phate with the scale of wave-lengths, adjusted soas to make the width 

nearly the same as that of the envelope (B) for the same substance.) 
The most striking feature 

distinguishing these spectra 

from one another to the eye, a hoe 

excepting where partial resolu- 

tion occurs, is the varying width ® 

and sharpness of the bands. 
With the spectrophotometer 

it is possible to obtain a more 

definite expression of this fea- 

ture, as may be seen from fig- a 

ures 12 and 13, in which are 


depicted, from such measure- A 
ments, the three brightest bands . 
of uranyl nitrate (crystallized) | 8 
and uranyl potassium sulphate. |Z Z 
It will be noted that the bands lg on i 
00 20100 


overlap at the base, but to a 
greater extent in the nitrate 
than in the potassium sulphate, where the bands are narrower and 
more sharply defined. 


Fig. 11. 
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A more detailed use of the instrument, working with narrow slits and 
making settings at closer intervals, will often bring out the complexity 
of single bands, where the overlapping of the components is such as to 
conceal the structure Figures 14, 15, 16, and 17 give the results of 
such a study by Miss Wick. The existence of numerous partly sub- 


Fie. 12. Fie. 13. 
Showing the relative intensities of the brightest fluorescence bands of uranyl 


nitrate (fig. 13) and uranyl potassium sulphate (fig. 14). 

merged crests is apparent in the curves, corresponding to the com- 
plexity of structure which these bands show when the substance is 
excited at the temperature of liquid air. The vertical lines indicate 
the position of the bands, as observed at low temperatures by methods 
to be described in subsequent chapters. 

That these lines in general do not co- 
incide with the positions of the crests 
might seem to indicate that there is no 
definite relation between the spectra at 
the two temperatures or that the accu- 
racy of the curves is in doubt; but the 
discrepancies are quite in accordance 
with the results obtained by the detailed 
study of the spectra of the double 
chlorides (Chapter V), where the spectra 
are sufficiently resolved at +20° C. to 
enable us to trace the changes on cool- 
ing, measure the definite shifts, and dis- 
cover the remarkable mechanism of the 
process of resolution. 
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EXCITATION BY LIGHT OF DIFFERENT WAVE-LENGTHS. 


If all the bands of the luminescence spectrum are due to the vibra- 
tions of a single connected system it would be natural to expect that 
an agency which excited one would also excite the rest, especially if 
luminescence is due to the recombination of ions dissociated by the 
exciting light, or to the return of an electron set free by the exciting 


50 51 5 


52u 
Fig. 15. Fie. 16. 


agency. On the otherhand, if each band 
is dne to some process going on in one 
particular compound or molecular aggre- 
gation, wave-lengths might be found 
which would excite one band and not the 
rest, or which would at any rate excite 
the bands in different degree. 

To test this matter we have measured 
the distribution of intensity in the bands 
for excitation by different lines in the 
ultra-violet spectrum of the quartz 
mercury lamp. The intensity of fluo- 
rescence with this excitation is not suffi- 
cient to permit the measurement of all 
the bands, so that the three brightest 7) aI 
bands only have been measured. In Fie. 17. 
table 11 the intensities for excitation by the different lines in the mer- 
cury spectrum are given for five different uranyl salts. Curves show- 
ing the variation of the relative intensity with the wave-length of the 
exciting light are shown for uranyl]-nitrate crystals in figure 18, and for 
the double sulphate in figure 19. In each case the intensity of the 
most intense band has been put equal to 10. The variation was 
greater in the case of the double sulphate than in the case of any other 
salt studied. The observations were repeated in the case of this sub- 
stance on two different days and a comparison of the full and dotted 
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curves indicates the extent to which the results agree. In the case of 
the other salts studied, curves very similar to that of figure 18 were 
obtained. 


TABLE 11.—Relative intensity of excitation of the three brightest bands by five Ta lines 
in the spectrum of the mercury arc. 


Wave-_ | Intensity! of luminescence 
length of at crest. Ratio | Ratio 
OXCLEL S| eases | |e c/b. 


light. Band a. | Band b. | Band c. 


Uranyl-potassium sulphate 0.4386 12.5 PRAT 7.45 0.55 0.33 
407 12.6 26.4 8.45 -48 32 
lakh UG ANE e Bing CERT Oe 4,920 366 10.5 23.2 6.65 .45 29 
Disaacede tie hie steve ees 5,130 313 16.25 22.9 8.27 sift 36 
Carwtate c alee nee 5,360 254 8.83 1329 4,25 .64 Sul 
Uranyl! phosphate -436u 10.0 10.2 3.07 .98 30 
.407 6.04 6.06 1.90 1.00 31 
IBA TGC aie aharets ie cree de 5,015 366 9.7 9.7 2.47 1.00 25 
Dee rreta se Soi uiee 5,239 313 11-1 10.4 3.04 120g 29 

ON SA Oe 5,483 254 6.85 PAT al bere cers TSZS | A ears 
Uranyl nitrate (anhydrous) 436u 22.9 Ss Sid 15.5 .59 41 
407 15.3 220 9.30 .67 Al 
Bandi ewe sie ceye tee 4,849 . 366 1553 20.7 8.87 47 43 
Mehaysiteuarsneraeuanave ss 5,071 .313 21.8 31.6 ible .69 3d 
Coane nat 5,311 . 254 6.0 ATE 3.2 .78 42 
Uranyl nitrate (crystals) 436u. 18.6 27.2 10.0 .69 30 
407 17.5 24.5 8.6 ls 13D 
(Bandi Geraci as aiie < 4,869 . 366 12.2 18.3 Thetis .67 -41 
ete Mee atteo SOS 5,086 .313 ree} 25.6 9.6 67 .38 
Cotsen ee 6 6 5,329 . 254 8.3 10.5 4.0 79 .38 
Urany] fluorid fluor-ammonium 436u 10.3 12 Sit 92 ae 
407 PAB eS 25.0 (fal .93 Oe 
WANK catchers cts stacatens 5,008 . 366 20.4 PASAT 7.6 .79 .30 
Preis roveieie afl este SS PBYE mols SYOs 43.4 1225 .87 27 
CS ay soon ees 5,460 . 254 15.8 17.6 5.7 .90 32 


1The intensities given in table 11 are not corrected for energy distribution in the acetylene flame. 


It will be noticed that the lower curve in figures 18 and 19 indicates 
a very nearly constant ratio between the intensity of the brightest 
band and that of the band lying next in the direction of the red. But if 
we compare the brightest band with the band lying next to the violet 
side we find a considerable variation intheratio of intensities, especially 
in the case of the double sulphate. It appears tous probable that this 
variation is the result of a partial absorption of the luminescence by the 
substance. The absorbing power of a given salt differs for the different 
mercury lines used, so that in some cases the exciting light may pene- 
trate much further into the substance than in others. It is clear that 
those bands for which the absorption is greatest will appear relatively 
weaker when the exciting light penetrates a considerable distance into 
the substance, even if the relative intensity of the excitation of the 
different bands is really the same for all wave-lengths of the exciting 
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light. The observed distribution of energy would correspond with the 
actual distribution only in case an excessively thin layer of the sub- 
stance is excited—so thin that the absorption of the light emitted is neg- 
ligible. Asa matter of fact, the band lying to the violet side of the 
maximum is in a region where the absorption is considerable, while 
the brightest band and those lying to the red are in the region where 
the absorption is small. The constancy of the ratio in the case of the 
lower curves, and the small variation of the ratio shown by the upper 
curves, are therefore entirely consistent with the view that the observed 
variations are the result of absorption, and that the first effect of 
excitation, whatever may be the wave-length of the exciting light, is 
to produce all of the bands with a definite and constant intensity 
distribution. 


Fie. 18. Fig. 19. 


Relative intensities of the brightest fluorescence bands of uranyl nitrate (fig. 18) and uranyl- 
potassium sulphate (fig. 19). The intensity of the brightest band is put equal to 10. The upper 
curve in each figure refers to the band lying next to the brightest toward the violet. The lower 
curve refers to the band toward the red. Abscisse give the wave-length of the exciting light. 
(See table 11.) 

The observations recorded in the foregoing paragraphs all tend to 
indicate that the fluorescence spectrum of a uranyl salt is a homo- 
geneous complex. ‘ 

The envelope is single-crested and has the form typical of a simple 
band. Neither its position nor form is modified by changing the mode 
of excitation. To test this conclusion we have made many experiments 
under widely varying conditions, especially in the way of selective and 
monochromatic excitation of the resolved spectra, where it should be 
possible to observe critically the disappearance or enhancement of 
single narrow components of groups of series. 

The remarkable effects of selective excitation recorded by Wood in 
the case of fluorescent vapors might lead to the expectation of similar 
or analogous changes in the uranyl spectra. All these attempts have 
thus far been without result, and we are inclined, therefore, to regard 
the spectrum as a unit and to consider it as a broad, simple band, which 
unlike the other bands of this type as yet discovered, consists of 
resolved instead of completely overlapping components. 

Studies to be described in Chapter IV are in confirmation of this 
view in that the criterion for a simple band, based upon the phenomena 
of phosphorescence, is fulfilled. 
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THE ABSORPTION SPECTRUM AT ORDINARY TEMPERATURES. 


The resemblance of the absorption spectra of the uranyl salts to their 
fluorescence spectra, which is so striking as to have led both E. and H. 
Becquerel to regard the absorption series as a continuation of the series 
of fluorescence bands, can be fully investigated only by observations 
at low temperatures. Since the absorption extends into the ultra- 
violet, moreover, photographic methods are necessary. The study of 
the absorption at ordinary temperatures is, however, not without sig- 
nificance, and the use of the spectrophotometer in this work brings out 
certain features not easily discernible in the photographic plates. 

The salts thus studied by us 
were in powdered form and the 
location, relative intensity,and 
character of the bands lying 
within the visible spectrum 
were determined by measur- 
ing the intensity of the light 
transmitted by an extremely 
thin layer between glass plates, 
or in some instances by ob- 
serving the spectrum of white 
light reflected from the surface 
of the powder. Recourse to 
the latter method is, indeed, 
frequently necessary because 
of the great and rapidly in- 
creasing opacity of these sub- 
Be ice, ithe blue and violet. (22 eS Sl ea 

The nature of the results of Fic. 20.—Transmission of a thin layer of uranyl- 
such measurements is suffi- potassium sulphate, showing absorption bands 


x z and three of the fluorescence bands. Curves F 
ciently shown in figure 20, and A show the relative intensities of the bands 


which is pl otted from deter- of fluorescence and absorption respectively. 
minations of the light transmitted by a thin layer of uranyl potassium 
sulphate. The source of light was an acetylene flame. 

The measurements cover not only a considerable portion of the 
absorbing region,’but also a part of the region containing the fluores- 
cence bands. Three of these bands show very clearly, even when 
superposed upon the brilliant continuous spectrum of the acetylene 
flame. The absorption begins a little on the violet side of the brightest 
luminescence band and extends into the ultra-violet. It will be noticed 
that there are several definite and narrow absorption bands, which 
appear to be superposed upon a broad band, or region, of general 
absorption. This appearance of a broad band might result from the 
overlapping of the group of narrow absorption bands, only the crests 
of which can be observed. In estimating the relative intensity of the 
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absorption bands we have adopted the first view and have assumed a 
general absorption! such as is indicated by the dotted line of figure 20. 
The deviations from this dotted curve have been ascribed to the effect 
of the narrow bands. The intensity of each band is determined by 
taking the ratio of the diminution of the transmission which it produces 
to the transmission which would be expected if the general absorption 
only were present. 

Both the absorption bands and the fluorescence bands have been 
indicated in figure 20 by lines whose lengths are proportional to the 
intensities of the bands. If a line is drawn through the ends of the 
lines that give the intensity of the absorption bands a curve (A) is 
obtained which is very similar in form to the absorption curve for a 
substance having a single broad band. This curve also has the samg’ 
position with reference to the envelope of the luminescence bands (F) 
that the absorption curve in such cases has to the luminescence curve. 
It appears highly probable that just as a broad luminescence band may 
result from the overlapping of a group of bands, so the absorption of 
the same substance may result from the overlapping of a similar group 
of absorption bands. 

The transmission curve for a thin layer of powdered uranyl sulphate 
is shown in figure 21, the source of light being an acetylene flame. In 
its general features this curve is similar to that for the double sulphate 
of uranyl and potassium. The fluorescence of the sulphate is not so 
brilliant and the fluorescence bands therefore show less prominently. 
The sulphate, as has been shown in a preceding paragraph, has the 
peculiarity of possessing two series of fluorescence bands lying close 
together, one set of bands being much more intense than the other. 
It will be noticed that the absorbed bands are also double. If we think 
of the more intense luminescence bands as constituting the principal 
series and the less intense bands forming a secondary series, a curious 
reversal is noticeable as we pass from the region of fluorescence to the 
region of absorption. Each band of the principal series in the lumines- 
cence region lies a little to the right of the corresponding band of the | 
secondary series. The positions of the bands are indicated by short 
vertical lines in the lower part of figure 21, the bands of the secondary 
series being represented by dotted lines. When we pass to the absorp- 
tion series, however, the more intense band lies to the left in each case. 
For example, the absorption band at 4,925 corresponds in position with 
a fluorescence band of the principal series; but the absorption band at 
4,880, which probably corresponds to the band 4,890 of the secondary 
fluorescence series, is by far the more intense of the two. 


1 The fact that all the uranyl salts, so far as known, increase rapidly in opacity as the wave- 
length of the transmitted light decreases, even when the bands are greatly reduced in width by 
cooling, seems conclusive as to this assumption. 
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It will be observed that the absorption bands of uranyl potassium 
sulphate occurring at 4,760 and 4,920 (fig. 20) appear to coincide in 
position with two of the luminescence bands of the same substance. In 
other words, these two bands are ‘‘reversible’’ and may appear either 
as absorption bands or as luminescence bands, according to the con- 
ditions under which they are observed. The double sulphate thus 
shows the same phenomenon that was first described by H. Becquerel! 
in 1885 in the case of uranyl nitrate. 
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Fig. 21.—Transmission of a thin layer of uranyl sulphate. 
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It was, however, of interest to study these relations in the case of 
the uranyl spectra at ordinary temperatures also. Special precautions 
were necessary, for when a luminescence band occurs in a region where 
there is appreciable absorption it is clear that the apparent position of 
the crest of the band may be influenced by absorption in case the latter 
is not uniform. Where measurements of absorption are made with 
light containing rays that are capable of exciting fluorescence there 
may also be a displacement of the crest of the absorption band, owing 
to the presence of luminescence. There could be no displacement of 


1 Comptes Rendus, vol. 101, p. 1252. 1885. 
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this sort in case the light emitted were strictly proportional to the 
coefficient of absorption; but if the fluorescence band and the absorp- 
tion band do not exactly coincide in position or in form, such a dis- 
placement is to be expected. 

In order to avoid the necessity of changing the adjustment of the 
spectrophotometer, or the position of the substance, between measure- 
ments a thin layer of the uranyl potassium sulphate was in some cases 
mounted permanently in front of the slit. To locate the absorption 
bands the slit was illuminated, through the specimen, with light from an 
acetylene flame. To observe the luminescence bands a piece of blue 
glass was placed in front of the flame, so as to cut off the rays having 
the same wave-length as the bands, while permitting the exciting rays 
to pass; or in some cases the acetylene flame was replaced by a mercury 
arc. ‘To guard against the presence of fluorescence in measurements 
of absorption a green glass was sometimes used. 

With the relatively thick specimen first used the absorption was so 
great that the band at 4,760 could not be observed. The band at 4,920 
was well defined, however, and could be accurately located. If the 
eyepiece pointer was set at the crest of the absorption band and the 
source of light then changed so as to bring out the fluorescence band, 
the latter was seen to be very obviously displaced toward the red. 
Photographs of the absorption and fluorescence spectra taken on the 
same plate also showed the relative displacement of the two bands very 
clearly. The wave-length of the fluorescence band as measured under 
these conditions was not the same, however, as that previously deter- 
mined, and the whole appearance of the band was different from what 
had been observed when looking at the front surface of the luminescent 
substance. 

More definite conditions for observing the absorption band were 
obtained by using nearly monochromatic light for transmission meas- 
urements. The spectrum of a Nernst glower was formed by a large 
spectrometer and a small region of the spectrum was isolated by means 
of a suitable screen containing a slit. The light coming through this 
slit, after passing through the specimen to be studied, fell upon the slit 
of the spectrophotometer. By suitable adjustment the center of the 
band of transmitted light could be made practically coincident with 
the center of the absorption band and the latter could be located with 
considerable accuracy. Under these circumstances the transmitted 
light contained no rays capable of exciting any observable fluorescence, 
so that we may look upon the determinations of absorption by this 
method as uninfluenced by errors due to the presence of luminescence. 

Using a relatively thick layer, the absorption band was located at 
4,919, while the crest of the fluorescence band (observed by transmis- 
sion) lay at 4,974. An excessively thin layer, formed by depositing 
the salt from a solution, or suspension, in alcohol, gave a fluorescence 
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band whose crest was at 4,925, while the wave-length of the very faint 
absorption band was 4,922. Our previous determination of the wave- 
length of the luminescence band, when looking at the surface exposed 
to the exciting rays, was 4,920. These results appear to us to warrant 
the conclusion that if disturbances due to absorption could be entirely 
eliminated the two bands would be found to have exactly the same 
wave-length. 

It must not be forgotten, however, that it is nearly impossible to 
observe the fluorescence spectrum under conditions which entirely 
eliminate effects due to absorption. The exciting light always pene- 
trates to some extent beneath the surface, so that some of the emitted 
light must pass through the fluorescent material before it can reach 
the eye. It is natural, therefore, to expect a slight displacement in all 
cases. Although our most reliable measurement of the wave-length 
of the absorption band, 4,919, and our best determination of the crest 
of the luminescence band, 4,920, differ by less than the probable errors 
of measurement, we feel that it is not unlikely that the difference is a 
real one, due to the cause just cited. 

The absorption band at 4,760 in the double sulphate differs in posi- 
tion by 5 units from the fluorescence band at 4,765. A portion of this 
difference may also be explained by absorption. But it is probably 
chiefly due to the difficulty in accurately locating the crests of these 
bands. The fluorescence band is extremely faint, while the absorption 
band is not very sharp, because of the large general absorption in this 
region. 

Using a thick layer, formed by grinding down a translucent mass of 
adhering crystals until a piece about 0.5 mm. thick was obtained, a 
faint absorption band was observed at 5,127. This corresponds to the 
brilliant fluorescence band at 5,130. In all likelihood the coincidence 
here is complete, since measurements of the fluorescence band made at 
the same time and with the same specimen as that used for absorption 
measurements gave the same wave-length, 5,127, for both bands. 

EXCITATION BY LIGHT CORRESPONDING TO DIFFERENT PARTS 
OF THE ABSORPTION REGION. 

It seemed a matter of some interest to determine the relative effec- 
tiveness of light of different wave-lengths in producing fluorescence, 
and experiments having this end in view have been made in the case of 
the double sulphate. We were particularly interested in determining 
whether wave-lengths falling within the sharp absorption bands at 
4,918, 4,760, 4,615, etc., were especially effective in exciting lumines- 
cence. 

The source of the exciting light used in these experiments was a Nernst 
glower which was mounted in place of the slit of a spectrometer. The 
spectrum was focussed upon an opaque screen containing a narrow slit, 
and the light passing through this slit was used in exciting the speci- 
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men tested. The fluorescence spectrum was observed in a spectro- 
photometer, the specimen being set up at an angle of approximately 
45° with the path of the exciting light, so that the collimator of the 
spectrophotometer could be pointed at the illuminated surface without 
interfering with the exciting light. Enough of the exciting rays were 
reflected into the spectrophotometer to 
enable the range of wave-lengths used 
in each case to be determined. The 
spectrophotometer was then set at the 
crest of the principal fluorescence band 
and the intensity measured by com- 
parison with an acetylene standard. 
Observations of this sort were repeated 
throughout the absorbing region. The 
results are shown in figure 22. It will be 
noticed that the regions of strong excita- 
tion at 4,910 and 4,775 correspond very 
closely to the two absorption bands at 
4,920 and 4,766. Some slight indication 
is also present of the other absorption 
bands. It is clear, however, that the 
ability to excite luminescence is not con- 
fined to rays falling within the narrow 
absorption bands, but extends to the 
region of general absorption lying be- 
tween. It is not possible to determine 
the specific exciting power of different 
rays, as has been done in the case of eosin 


Fig. 22.—Intensity of fluorescence 
é (ordinates) produced by exciting 
and resorufin,! because of our ignorance light of different wave-length (ab- 


scisse). 


of the absorbing power of the salt for 
different wave-lengths.? The results indicate, however, that the specific 
exciting power varies only slightly with the wave-length, as in the case 
of resorufin and eosin. 


THE RELATION BETWEEN ABSORPTION AND FLUORESCENCE AS 
IT APPEARS AT ORDINARY TEMPERATURES. 

In 1885 H. Becquerel® made measurements of the spectrum of uranyl 
nitrate from which it would appear that the frequency interval remains 
constant in passing from the fluorescence to the absorption spectrum 
and that the suggestion of E. Becquerel in his classical memoir of 1872, 
that the emission bands and absorption bands belong to the same series, 
is in accordance with the facts. 

H. Becquerel also showed that two of the bands are reversible, ap- 
pearing as emission bands when suitably excited, whereas if light free 

1 Physical Review, XxXI, p. 381. 


2 The distribution of energy in the spectrum of the Nernst glower also has not been determined. 
3H. Becquerel, Comptes Rendus, 101, p. 1252. 
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from exciting rays be passed through the substance, absorption bands 
in the same location are observed. 

In our own work upon urany] nitrate and potassium uranyl sulphate 
we have confirmed the results of H. Becquerel so far as the existence 
of reversible bands is concerned and have found for these substances 
3 such bands instead of 2. 

The frequency interval between absorption bands, like the fluores- 
cence interval, is approximately constant, but, as may be seen from 
tables 12 and 13, it is much smaller. 

Additional evidence on this point will be found in the chapters 
dealing with the double chlorides and with the spectra at low tempera- 
tures, where it will be established as a relation common to all uranyl 
spectra. The study of the absorption spectra at +20° C. is uncertain 
and unsatisfactory, because we have to do with unresolved groups of 
bands, and these two examples will suffice to illustrate the remarkable 
way in which the two frequencies interlock where fluorescence goes 
over into absorption. 


TaBLeE 12.—Absorption and fluorescence bands of potassium uranyl sulphate at +20° C. 


Absorption. Fluorescence. 


1/uX10%. | Interval. : 1/uX10?. | Interval. 


It will be seen from tables 12 and 13 that the last 3 fluorescence 
bands, counting from the red, are nearly or quite coincident with the 
first three absorption bands. Whether or not these coincidences are 
to be regarded as exact can not be determined from observations on 
unresolved spectra. It will be demonstrated later that reversals are 
exact between the ultimate components of bands, but not, in general, 
between unresolved aggregates. 

That the fluorescence interval changes to conform to the absorption 
interval at the last step appears not only from the data in tables 12 
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and 13, but also in the determinations for other salts (tables 4 to 10) 
wherever the final fluorescence band (8) has been observed. The 
corresponding change in the absorption interval to conform with the 
fluorescence interval is much more difficult to establish, because the 
last absorption band toward the red is entirely invisible under ordinary 
conditions. 


TABLE 13.—Absorption and fluorescence bands of uranyl nitrate at +20° C. 


Absorption bands.! Fluorescence bands. 


1/u X10%. | Interval. : 1/uX10%. | Interval. 


1 Absorption bands, excepting that at 0.5086 are from measurements 
by Jones and Strong (Am. Chem. Journal, 1910). 


EFFECT OF WATER OF CRYSTALLIZATION—BEHAVIOR OF SOLUTIONS. 


The effects of water of crystallization and the comparison of the 
spectra of the solid uranyl compounds with those of their solutions are 
to be treated at some length in subsequent chapters. A few points 
which have been brought out in the course of our work on the spectra 
at +20° C. are, however, recorded here. 

The effect of water of crystallization in the case of uranyl nitrate is 
to shift the luminescence bands slightly in the direction of the longer 
waves. (Compare the hexahydrate with the anhydrous form in table 
1.) This is the effect which it would seem most natural to expect, since 
the mass of the vibrating system is increased by the addition of water of 
crystallization without any increase, so far as we know, in the elastic 
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forces of the system. In fact, the presence of water so intimately 
associated with the salt molecule would probably increase the effective 
dielectric constant of the region in which the vibrations occur, and 
would thus cause a decrease in frequency quite independent of any 
effect due to increase in mass. 

It has been shown by Deusen! and by Jones and Strong? that the 
absorption spectrum of the crystallized nitrate is nearly coincident with 
the absorption spectrum of the aqueous solution. In many cases no 
difference can be detected in the 
wave-length of the band in solu- 
tion and in the solid crystal. In 
the case of other bands, however, 
the difference appears to be too 
great to be accidental. It seems 
not unlikely that the absorption 
spectrum contains several series 
of bands, some of which occupy 46 50 54 58% 
almost identically the same po- Fig. 23.—Position of fluorescence and absorption 
sitions for the solution as for the voir scart ee eco 
solid salt. We must assume, therefore, that at least a part of the 
dissolved salt has the same molecular structure as the solid crystals. 

In the case of the uranyl sulphate studied by us the phenomena are 
more complicated. As has already been shown, the luminescence 
spectrum of this salt, even at ordinary temperatures, contains two 
series of bands, which for convenience we shall designate the a and 8 
series respectively. Thea bands are by far the stronger and 6 of these 
could be observed. Of the relatively weak 8 bands only 3 could be 
seen. In the absorption spectrum of the solid salt 2 series of bands 
were also found (see fig. 21) which we shall call the a’ and 6’ bands. 
Two of the a’ bands corresponded in position with two of the a bands 
of luminescence, while one band of the §’ series corresponded with one 
of the @ bands. The wave-lengths are given in table 14 and are shown 
graphically in figure 23. It isa remarkable fact that while the a bands 


Tasie 14.—Uranyl sulphate fluorescence and absorption bands. 


Fluorescence: 
Crystals—Principal series (a)........... 4763 4929 5148 5395 5659 5925 
Crystals—Secondary series (8).............. 4894 5098 5340 
Mehydravedusalt (Cy). sci «eeccraierte ls accxonee > 4843 5049 5285 5538 
Concentrated: solution ws ss ..0 > cic sc se, ore sye ae 4928 5145 5387 
Absorption: 
C@rvystals——a" (SeYIOss .... csevecsiete exces ete vievehs 4595 4755 4925 
Crystals —G e SCIICSit: 4 oe ileress, ojers: a lareave she 4555 4720 4880 
Concentrated, solmtion y.0ii 6.16 fob dk core Pond ce 4718 4887 5095 


1 Annalen der Physik, 43, p. 1128. 1898. 
2 American Chemical Journal, vol. x11, p. 37, 1910. See also Vogel, Spectralanalyse, p. 270, 
1889. 
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are much the brighter in the luminescence spectrum, the a’ bands in 
the absorption spectrum are much weaker than the 6’ bands. 

The sulphate used in this experiment was in the form of small crystals, 
When the salt was dehydrated by being kept for about an hour in a 
stream of warm, dry air its luminescence spectrum was found to be 
absolutely different, each band being shifted 
toward the violet by about 100 &. vu. Brief 
exposure to the air apparently permitted a 
portion of the salt to return to the original 
condition, so thatthe original a and 6 bands 
could be seen as well as the y bands charac- 
teristic of the dehydrated salt. In the case 
of a thin layer of the sulphate which had 
been dehydrated and then exposed for a 
short time to the air, each of the lumi- 
nescence bands was found to consist of 
three overlapping bands, the components 
corresponding in position to the a, 6, and 
bands respectively. Spectrophotometric 
measurements (with a rather wide slit) of 
the brightest luminescence band and of a 
portion of the absorption spectrum of the 
same layer are shown in figure 24. In the 
luminescence spectrum the 8 bands are by 
far the most prominent,' while in the ab- 
sorption spectrum the a’ bands are strong- 
est and no y’ bands can be detected. The 
results point to the existence of two dif- 
ferent hydrated salts corresponding to the ; ae ney 
a and 6 bands respectively, but further oper rt ined rane 
study would bé‘necessary to make possible rescence band at. about 0.51 
an entirely satisfactory explanation of the anal Be ‘about ob er a 
observed phenomena. 

The concentrated aqueous solution of the sulphate showed weak fluor- 
escence, and the three brightest bands, which could be located with 
reasonable accuracy, were found to agree in position with three of the 
a bands of the solid crystallized salt. In the absorption spectrum of 
the concentrated solution it was possible to locate three well-defined 
bands, two of which corresponded with two of the B bands of the solid 
salt (see fig. 25). The solution showed no trace of any fluorescence 
corresponding to the 8 series, nor did it show any trace of absorption 
corresponding to the a’ series. 


oo eeeeeeeeSSSSSSSSSSSSSSSSSSSSEEeEE 
1 The a’ band appears in fig. 24 to be shifted b A 6 i 

cba : es y about 15 Angstrém units toward the violet; 

whether this is a real shift, or whether it is due to disturbances caused by simultaneous absor : 

tion and luminescence we are unable to say. ‘ 
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In a concentrated solution of potassium uranyl sulphate (see fig. 26) 
three absorption bands were found at 4,910, 4,730, and 4,570. These 


Fig. 25.—Uranyl sulphate (solution), show- Fic. 26.—Transmission of a concentrated 
ing at the left a portion of the trans- solution of uranyl potassium sulphate. 
mission spectrum for a thin layer and at 
the right for a thick layer. 


do not agree in position with the corresponding bands of the solid salt, 
which occur at 4,920, 4,760, and 4,472. The solution of the double 
sulphate shows no trace of fluorescence. 


IV. PHOSPHORESCENCE OF THE URANYL SALTS. 


Concerning the phosphorescence of the uranyl compounds, we find 
little on record beyond the early observations of E. Becquerel,’ who, 
in his classic paper of 1861, noted the brilliant and very short-lived 
after-glow and made some observations on the law of decay. 

For the study of the phenomena of phosphorescence in these sub- 
stances and in other cases having a duration of glow of a few thou- 
sandths of a second, we devised a new instrument, the synchrono- 
phosphoroscope. Indeed, for the experiments to be described in this 
chapter, and which involved the use of surfaces of considerable size, 
the cooling of the substance during excitation, simultaneous observa- 
tions during fluorescence and phosphorescence, etc., none of the exist- 
ing forms are easily adapted. The original phosphoroscope of Bec- 
querel,” later modified by E. Wiedemann,’ and also the revolving drum 
type used successively in various forms by Becquerel,* Tyndall,° Kester, ° 
and Waggoner,’ afford sufficient speed, as does Merritt’s® phosphoro- 
scope of 1908; but none of these could be used without modification. 

The new apparatus’ consists of a small synchronous, alternating- 
current motor A. C., figure 27, and a small direct-current motor D. C. 
upon a common shaft. To one end of the shaft is attached a sectored 
disk, WW, figures 27 and 28, with four equal open and four closed sec- 
tors, corresponding to the four poles of the A. C. motor. On the cir- 
cuit of 60 cycles this machine, when brought to speed by the D.C. 
motor and released, runs steadily at 30 revolutions per second. A 
““step-up”’ transformer 7'7T, in the same alternating-current circuit, 
produces discharges at the spark-gap, or series of gaps (#), at each 
alternation, 2. e., 120 times a second. This discharge may be reduced 
to a single spark by proper adjustment of the resistance and capacity 
of the circuit, or more conveniently for many purposes the discharge 
may be confined to the peak of the wave by means of the four-pointed 
star-wheel SS (figs. 27 and 28), which is mounted on the shaft and 
carefully adjusted as to phase. 

The direct-current motor may also be used to drive the sectored disk 
at other speeds, in which case the circuit of the motor A. C. is broken 
and the discharge is derived from any convenient source capable of 
producing a proper spark at each quarter revolution. 


1E. Becquerel. Annales de Chimie et de Physique (3), xx, p. 1. 1861. 

2 Tbid., tv, p. 5. 1859. 

3. Wiedemann, Wiedmann a Annalen, xxxrx, p. 446, 1888. 

4. Becquerel, l. c. 

5 Tyndall. See Lewis Wright’s volume on light, p. 152. London, 1882. 

§ Kester, Physical Review (1), rx, p. 164. 

7 Waggoner, Carnegie Inst. Wash. Pub. No. 152. 

8 Nichols and Merritt, Carnegie Inst. Wash. Pub. No. 152. 

®E. L. Nichols: Proc. Nat. Acad. of Sciences, v. 2, p. 328. 1916. Also Science, XLIII, 
p. 937. 1916. 
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When the sectored disk WW is so adjusted on the shaft that the 
closed sectors conceal the phosphorescent surface during excitation by 
the spark, an observer, looking through the open sectors as they pass, 
sees the phosphorescence as it appears a few ten thousandths of a second 
after. The apparatus is thus suitable for the study of phosphorescence 
of very short duration or of the earliest stages in cases of slow decay. 
By shifting the sector on the shaft it is possible without variation in 


0 


Fig. 27. Fig. 28. 


the rate of rotation to make observations at the very beginnings of 
phosphorescence and to compare, by simultaneous vision, the appear- 
ances just before and immediately after the close of excitation, or, 
on the other hand, the earlier with the later stages, up to about 0.004 
second. The photometer, spectroscope, spectrophotometer, camera, 
etc., may all readily be used with this form of phosphoroscope and 
studies of the most varied character become possible. 

Phosphorescence is commonly regarded simply as the after-effect of 
fluorescence, the emission spectrum immediately after the close of exci- 
tation being identical with that immediately before excitation ceases. 
This has hitherto been only an assumption, since it is thinkable that 
the process which prepares a substance for phosphorescence might pro- 
duce emission during excitation differing from that which consti- 
tutes phosphorescence and which together with the latter would be 
present during fluorescence. It is also thinkable, although unlikely, 
that the phosphorescence might contain some components requiring 
a measurable time for development and observable only after an appre- 
ciable interval. 

This is a matter which it would be very difficult to settle in the cases of 
phosphorescence hitherto studied, because the spectrum of fluorescence 
and phosphorescence consists of broad bands or complexes of overlap- 
ping bands, and almost the only criterion of identity is that of color. 
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The uranyl salts, because of their remarkable spectra, afford an 
unusual opportunity to establish the exact relation between the emis- 
sion of light during excitation and at various times after excitation 
has ceased, and it was for this purpose that the first experiments with 
the new phosphoroscope were undertaken. 

The method, briefly outlined, is as follows: The substance, inclosed 
in a flat tube of glass BA about 8 cm. long and 2 em. wide, is viewed 
through the rapidly revolving sectored disk of the synchrono-phos- 
phoroscope. It is mounted vertically, with its axis at right angles to 
the radius of the disk, as shown in figure 29. 
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Fia. 29. Fia. 30. 


It is uniformly excited by zinc sparks 120 times a second while 
hidden by the closed sectors and is visible for 1/240 of a second during 
the passage of each of the intervening open sectors. 

A phosphorescent substance of slow decay appears under these cir- 
cumstances to be equally bright from top to bottom, but if one of the 
uranyl salts, such as the double uranyl-ammonio sulphate, which was 
the substance selected for detailed study, be used, it appears a very 
bright green at the bottom of the tube, shading off to bare visibility 
at the top. 

The rate of decay of this substance and of the other uranyl salts 
is so rapid that the upper end of the tube, which is seen at the intensity 
which corresponds approximately to the instant 0.003 second after 
excitation, has only a small fraction of the brightness of the lower end, 
which is viewed about 0.0005 second after excitation. 

The particular salt mentioned above was selected because at low 
temperatures its spectrum is unusually well resolved in groups of com- 
plexes of narrow, line-like bands, making it possible to detect changes in 
the individual components. 

To obtain simultaneous observations a pair of right-angled prisms 
was mounted before the slit of a Hilger spectroscope, as shown in 
figure 30. 

Light from the lower end of the tube A enters the lower half. of the 
slit. That from the upper end B, after two total reflections, enters 
the upper half of the slit, and we have two spectra one above the other, 
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coinciding throughout as to wave-length, but separated by a dark line 
formed by the lower edge of the second prism (R’). 

To compare fluorescence with phosphorescence, the sectored disk was 
shifted upon its shaft until the lower end of the tube was viewed during 
excitation, the upper end immediately after (fig. 31a). To compare 
the phosphorescence spectrum at an earlier and later stage, the disk 
was so set that its position at the moment of excitation was as shown 
in figure 31b. By means of the reflecting prisms at the slit of the spec- 
troscope, already described, the spectrum of the light emitted from 
region A was compared with 
that at B in each case. At Pieces pigs ole 
+20° C. the banded spectra 
were found to be identical 
in every respect, except in 
brightness; and thesame was 
true at low temperatures, 
where it was possible to in- 
spect each of the numerous 
line-like bands individually. 

Of the seven homologous series distinguishable in the fluorescence 
spectrum, all were present in phosphorescent light, unshifted as to posi- 
tion and not perceptibly enhanced or diminished in relative brightness. 

The comparison was less satisfactory as regards minor details in the 
case of the early and late stages of phosphorescence, some of the fainter 
bands being invisible, but changes such as might be looked for, 7. e., 
those due to the greater persistence of certain series, could scarcely 
have escaped notice. 

The significance of these observations is two-fold: On the one hand 
we find that for the only examples of luminescence which admit of such 
detailed inspection the spectrum of phosphorescence is identical with that 
of fluorescence, and since there are no indications to the contrary in the 
case of other classes of substances thus far studied, it is probable that 
the above statement will apply to all phosphorescent materials. On 
the other hand, we find that, in spite of its great complexity, the lumi- 
nescence spectrum of a uranyl salt is to be regarded as a unit, all its 
components decaying at the same rate after the cessation of excitation. 

Thus this class of substances (7. e., the uranyl salts) not only conform 
to the first three criteria of homogeneity discussed in Chapter II but 
likewise to that based upon the phenomena of phosphorescence. 


CURVES OF DECAY. 


To determine the change of intensity of phosphorescence with the 
time a simple form of photometer previously used in a study of the 
phosphorescence of kunzite’ was mounted in front of the sectored disk. 


1 Nichols and Howes, Physical Review (2), 1v, p. 19. 1914. 
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A lateral strip of the phosphorescent salt 1 cm. wide was excited by 
sparks from a single spark-gap between zine terminals and measure- 
ments of the brightness were made at various times after the close of 
excitation. The necessary conditions were attained by shifting the 
disk successively through small angles, so as to vary the interval 
between excitation and observation. The time could be estimated 
with sufficient accuracy by noting the instantaneous positions of the 
disk for each adjustment, as given by the strictly synchronous illumina- 
tion due to the spark. 


Fia. 32. 


The arrangement of the apparatus is shown in figure 32, in which P 
is the phosphorescent surface, DD the sectored disk, L. B. the Lummer- 
Brodhun cube of the photometer, E the eyepiece, S a color-screen and 
matte translucent plate, C the comparison lamp which traveled along 
the track of an optical bench. The cross at Z indicates the position 
of the spark-gap. 

In table 15 relative intensities J, the reciprocals 1/ 4/1, and times T' 
after excitation are given. Figure 33 shows the relations between J 
and 7, and 1/ VI and T respectively in the usual manner. 


TABLE 15. 
fhe 


0.000479 : 5 0.00170 
. 000637 : : -00193 


. 000856 ‘ ‘ .00212 
. 000949 ‘ : .00247 


-00110 © > ‘ .00287 
.00146 


As appears from the table and curve ABC, figure 33, this substance ~ 
exhibits a remarkably rapid decay, falling in the interval between 
0.0005 second after close of excitation and 0.003 second to less than 
three-thousandths of its intensity at the beginning of that interval. 
To show the degree of accuracy with which the lower intensities were 
observed, the portion of the curve BC is reproduced with ordinates 
magnified ten times B’C’. The results are likewise plotted in the cus- 


tomary manner with 1/V T as ordinates (curve DEF), and this brings 
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out an unusual characteristic. It is usual to find two processes o 
phosphorescence succeeding one another and represented by the two 
straight arms of the curve DE and FG, but in all the numerous cases 
hitherto described, excepting two to be discussed in a subsequent para- 
graph, the later process (FG) is indicated by a curve of lesser slope. 
In the case of this uranyl salt, however, FG trends very sharply up- 
ward, showing a greatly accelerated decay. 


URANYL AMMONIUM SULPHATE. 
1.URANYL AMMONIUM SULPHATE. 
2.URANYL POTASSIUM SULPHATE. 
3.URANYL NITRATE. 

4.URANYL SULPHATE. 
5.URANYL AMMONIUM CHLORIDE. 


‘ 
i) 


STIPE ~.003 SEC, 
Fig. 33. Fria. 34. 


By means of these preliminary observations certain facts may be 
regarded as established. These may be summarized as follows: 

(1) There is no appreciable change of color during decay. 

(2) The decay of phosphorescence is exceedingly rapid, the intensity 
falling to one-thousandth of its initial value within 0.0035 second. 

(3) The very complex fluorescence spectrum at — 180° C. is identical 
in structure and relative distribution of intensities with that observed 
during the earlier and later stages of phosphorescence. 


1 Nichols, Proceedings National Academy of Sciences, vol. 11, p. 328. 1916. 
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(4) The curve of decay of phosphorescence differs from the prevailing 
type in that although as usual two successive processes are distinguish- 
able, the second process is more rapid instead of being slower than the 
first. 

The study of these phenomena has since been extended to several 
other typical uranyl salts, the curves of decay of which were deter- 
mined by the method just described and under conditions of excita- 
tion, etc., as nearly constant as possible.’ These curves of decay are 
of the same new type originally found in the uranyl ammonium sul- 
phate. The two processes, as determined by the customary method of 
plotting 7-1/2 as a function of the time are indicated by straight lines 
differing from one another in slope and the second process has in all 
cases the steeper gradient. Later experiments, in which the intensity 
of excitation was increased, revealed the presence of a third process not 
included within the interval of time covered by our earlier experiments. 


STUDIES INVOLVING THE FIRST AND SECOND PROCESSES, 


The curves shown in figures 34 and 35 are typical of the results 
obtained with all the salts under observation. They represent the 
decay of the phosphorescence of the compounds shown in table 16. 


The initial intensity, under like Tapun 16. 
excitation, varies greatly in the 
different salts, as also, to some ex- Substance. 
tent, does the rate of decay. Itwill 
be noted that the initial intensities Uranyl ammonium sulphate. 
of the ammonium and potassium ee Pe 


sulphates, for example, are several Urany] sulphate. : 
times greater than those of the Urany! ammonium <b eae 
nitrate, the sulphate, and the am- 
monium chloride. This is, however, a question of previous history as 
well as of chemical and physical constitution, as was determined in 
the following manner: 

Urany] potassium sulphate was dissolved in hot water and a mass of 
the minute crystals which were thrown down on cooling the solution 
were immediately sealed up in a glass tube. Care was taken through- 
out these manipulations to protect the precipitate from the action of 
light. 

This sample, still in darkness, was mounted in the synchrono-phos- 
phoroscope and a curve of decay was taken, the first exposure to excit- 
ing light being that at the beginning of the run. The substance then 
showed, temporarily, a brilliancy of phosphorescence much above that 
to be obtained under ordinary circumstances, but was soon reduced to 
its normal and semi-permanent condition, after which the usual curve 
of decay was obtained. 


1 Nichols and Howes, Physical Review (2), rx, p. 292. 1917. 
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EXCITATION IN THE PRESENCE OF RED AND INFRA-RED RAYS. 


To determine whether red or infra-red rays have an effect on these 
substances similar to that observed in the case of the phosphorescent 
sulphides, a modification of the apparatus was made such that the 
surface under examination could be subjected to the intense illumina- 
tion obtained by focusing the crater of an electric are uponit. A screen 
of excellent ruby glass was interposed to cut off all but the longer waves 
and observations were made through a screen quite impervious to red. 

Exposure to this source was found to affect measurably neither the 
brightness of fluorescence nor of phosphorescence. Curves taken after 
exposure to this source, those taken with the substance subjected to 
it interruptedly throughout the run, and curves in the determination 
of which readings were taken alternately with and without red light 
were all identical with those taken in entire absence from such expos-: 
ures. The striking contrast 
between this negative result 
and the well-known effects of 
infra-red radiation upon the 
phosphorescence of the sul- 
phides is notable. 

The observations already 
cited, showing the complete 
identity of the spectrum of 
fluorescence with that of phos- 
phorescenceseemed to indicate 
that the intensity would go 
over from that of fluorescence 
to that of phosphorescence 
without discontinuity. This 
conclusion was confirmed, 
within the errors of observa- 
tion, by measurements just 
before and after the close of 
excitation. The only previous 
instances where this relation 
has been experimentally established, so far as we know, are to be found 
in Waggoner’s! studies of phosphorescence of short duration and in 
recent observations on the luminescence of kunzite.’ 

In view of the unexpected character of the decay curves for the phos- 
phorescence of the uranyl compounds, the question arises whether the 
rather unusual mode of excitation employed, 7. ¢., periodically repeated 
exposures, 120 times a second, to groups of sparks of high frequency, 
might produce such a result, or whether the decay curves are character- 


Hie. 35; 


1 Waggoner, Physical Review, xxvil, p. 209. 
2 Nichols and Howes, Physical Review (2), Iv, p. 26. 
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istic of this class of compounds, whatever the mode of excitation. It 
is true that both Waggoner! and Zeller,’ using a Merritt phosphoro- 
scope, found in their studies of phosphorescence of short duration that 
excitation by means of a spark discharge very similar to our own gave 
decay curves of the usual type. 

It is also obvious from the measurements already described that the 
interval between excitation, t. e., 1/120 second, is sufficient for the com- 
plete discharge of the phosphorescent glow, and since the absence of 
any effect of red and infra-red indicates that there is no storage of 
undeveloped energy to be carried over, such as occurs in the phosphor- 
escent sulphides, it seems probable that the decay curves do not vary 
greatly from that which might be obtained, were it possible to make the 
experiment, from a single exposure. 

To test this a run was made upon the sample of uranyl ammonium 
sulphate previously used, but with the Merritt phosphoroscope. 

By driving the disk of this instrument 3,000 revolutions a minute, 
much the same range of time intervals was available as with the 
synchrono-phosphoroscope. 

To further vary the conditions, a quartz mercury are was substituted 
for the spark-gap of Waggoner and Zeller. The arrangement of appar- 
atus was as shown in figure 36, 
in which DD is the revolving 
disk, H the mercury lamp, P the 
phosphorescent substance, LB gs, 
the Lummer-Brodhun cube of 
the photometer, SS a_color- 
filter and milk-glass screen. The 
device for shifting the oblique 
mirror M with reference to the 
aperture A in the disk is not 
shown. 

Although the decay was some- 
what more rapid in this determination on account of the less intense 
excitation, the curve was of precisely the type obtained by the prev- 
ious method. 

Measurements upon some of the bands of brief duration in the spec- 
trum of the phosphorescent sulphides, recently made with the syn- 
chrono-phosphoroscope under experimental conditions identical with 
those here described,’ yield curves of the usual type associated with 
these sulphides, so that the question of the change of form being due 
to the phosphoroscope employed is effectually eliminated. 


Fia. 36. 


1 Waggoner, Physical Review, xxvil, p. 209. 
2 Zeller, Physical Review, xxxXI, p. 367. 
3 Nichols, Proc. Am. Philosophical Society, tv, p. 494. 1916. 
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SOLID SOLUTIONS AND SEMI-FLUIDS, 


The urany] salts differ from nearly all if not all phosphorescent sub- 
stances hitherto studied. We do not have, as in the phosphorescent 
sulphides, the preparations of Waggoner, the ruby, etc., to deal with a 
trace of active material in solid solution, but with compounds that are 
in themselves brilliantly phosphorescent. If the peculiar character of 
the curve of decay is due to that fact it might be expected that uranium 


URANIUM GLASS. 


7% URANYL SULPHATE URANYL AMMONIUM SULPHATE 
2 URANYL POTASSIUM SULPHATE 


t 


z 


Fic. 37 Fig. 38. 


glass, in which the active material is considered to be in a state of solid 
solution, would have a law of decay corresponding to the prevailing 
type for such solutions, 7. ¢., with the first process as indicated by the 
curve for J-1/2, and time, represented by a line of steeper slope than the 
line for the second process. A piece of uranium glass gave, however, 
a decay curve similar to those of the urany] salts (see fig. 37). Another 
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preparation which differs from most of the uranyl salts is the uranyl 
sodium phosphate, a sample of which was made by D. T. Wilber for 
certain studies in fluorescence recently published.! This substance is 
a very viscous liquid with the characteristic green fluorescence of the 
uranyl compounds. 

One might expect, in accordance with the findings of Becquerel for 
liquids in general,? that there would be no observable after-glow. It 


EFFECT OF TEMPERATURE 
ON 
URANYL AMMONIUM NITRATE 


Tni2 


50 


Fig. 39. 


is true that Becquerel expressed the belief that with a phosphoroscope 
of sufficient speed, phosphorescence would probably be detected in 
fluorescent liquids, but no one, so far as we know, save Dewar in an 
unconfirmed statement concerning a supposed phosphorescence of 
liquid air, has since that time (1859) recorded an instance of phos- 
phorescence excepting in solids and gases. 

When a tube containing the phosphate was tested with the syn- 
chrono-phosphoroscope no phosphorescence was found of duration 


1 Howes.and Wilber, Physical Review (2), vol. 7, p. 394. Mar. 1916. 
2 See E. Becquerel, La Lumiere, vol. 1, chapter on Phosphorescence. 
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sufficient to be detected. Another sample so prepared as to reduce the 
amount of water to a minimum did, however, exhibit phosphorescence 
of measurable duration. This preparation, so slow was its rate of 
flow, might be regarded as a plastic solid rather than a viscous liquid. 
A bead of microcosmic salt, colored in the usual manner with uranium 
oxide, was comparable in its phosphorescence with canary glass. 


URANYL AMMONIUM SULPHATE 


Fia. 40. 


It appears that the persistence of luminescence is due to the con- 
sistency of the substance and disappears as the fluidity increases; also 
that the peculiar type of decay here described is common, not only to 
the crystalline uranyl salts in general, but also to the gelatinous forms, 
asin this double salt, and to substances in which uranium appears in 
solid solution, as in the case of the canary glass. 


THE THIRD PROCESS. 


E. Becquerel,! in the course of his great pioneer work on phosphores- 
cence, made a number of observations on the uranyl salts and on 


1. Becquerel, Annales de Chimie et de Physique (3), yxu, p. 1. 1861. 
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uranium glass. He noted the brilliant initial intensity and very rapid 
decay, and to test the independence of the constant in his equation of 
decay when the illumination varied he made many measurements. If 
from his data we compute J-1/2, as a function of the time, we obtain 
curves of the same general form as those in figure 32. 

Becquerel’s observations are not numerous enough, taken by them- 
selves, to determine completely the type of curve. His measurements, 
however, cover a larger time interval than ours and the values for the 
longest times indicate an even more rapid decay following the second 
process. We had, indeed, found some indications of a similar tendency 
which had been omitted from our curves as lying almost beyond the 
range of definite determination. 

To investigate the further trend of the curves of decay, the intensity 
of excitation was increased by readustment of the sparking circuit, by 
which means it was found possible to extend the time interval for more 
than 0.006 second beyond the cessation of excitation. 

Careful, often repeated measurements, of the various salts showed 
in fact a third linear process beginning where our previous determina- 
tions had ceased and having a steeper slope, indicative of still more 
rapid decay. Typical results are indicated in figures 38, 39, 40, etc. 

These processes may be numbered for convenience 1, 2, and 3 in the 
order in which they occur. Processes 1 and 2 are in general of about 
equal duration for a given salt. The abruptness of transition, however, 
varies greatly, and in some instances the change of slope is so gradual 
as to encroach seriously on process 2 at both ends. 


THE INFLUENCE OF TEMPERATURE. 


_ The only previous instances of decay of phosphorescence in which the 
later stages are more rapid than those preceding are noted by Ives and 
Luckiesh! in their study of the influence of temperature on phosphores- 
cence, and by E. H. Kennard? in a more recent paper. 

Ives and Luckiesh measured the phosphorescence of one of Lenard 
and Klatt’s sulphides (BaBiK from Leppin and Masche). This sub- 
stance was found to be very sensitive to change of temperature and 
the results at 0°, 22°, and 35°, C. when plotted for J-1/2 and time in the 
usual manner, gave curves varying greatly in slope. The curve for 0° 
is concave toward the time axis, that for 22° linear, and that for 35° 
strongly convex. They show that a linear relation may be obtained for 
each of these curves by varying the exponent of J. 

The effect of temperature in the case of the phosphorescent sul- 
phides, where one has to do with a composite of many overlapping 
bands of varying duration, is undoubtedly different from that to be 


1Tves and Luckiesh, Astrophysical Journal, xxxvi, p. 330 (1912). 
2 Kennard, Physical Review (2), Iv, p. 278 (1914). 
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expected with the uranyl salts, where the spectrum, in spite of its 
complexity of structure, is a unit. It was deemed of interest, however, 
to determine the effect of temperature upon the latter. 

For this purpose a specimen of the uranyl ammonium nitrate was 
mounted within a cylindrical Dewar flask with unsilvered walls and its 
decay of phosphorescence was determined with a synchrono-phos- 
phoroscope at a temperature a few degrees above that of liquid air 
(about —180°) at +20° and at +60°. The last-named temperature 
was maintained during the run by means of an electrical heating-coil. 


URANYL RUBIDIUM NITRATE 


VARYING EXCITATION 


Fig. 41. 


The principal change consists in a marked retardation of decay with 
lowering temperature (see fig. 39), but this is not a universal charac- 
teristic of the uranyl compounds. Uranyl ammonium sulphate, for 
example (fig. 40), is but slightly influenced in its rate of decay by 
change of temperature and the curve for — 180° is intermediate between 
those for +20° and +60°. 
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THE EFFECT OF VARYING THE INTENSITY OF EXCITATION. 


To determine the effect of the intensity of excitation, a series of 
measurements were made with the spark-gap at various distances from 
the phosphorescent surface. The substance observed in these experi- 
ments wads uranyl rubidium nitrate. It was found possible to make 
observations of the decay of phosphorescence with the excitation 
reduced to a two-hundredth of that usually employed. 

From the curves obtained, of which four are given in figure 41, it 
will be noted that all three processes are present, whatever be the 
intensity of the exciting light; also that, taken roughly, processes 1 
and 2 are of nearly equal duration, and that with decreasing intensity 
of excitation the duration of each of these processes diminishes. 


DURATION OF PROCESSES 
WITH EXCITATION 


-001 -002 -003 SEC. 
Fig. 42. 

These relations are better shown in figure 42, in which the duration 
of process 1 and the sum of the duration of processes 1 and 2, counting 
from the close of excitation, are plotted, with the intensity of the ex- 
citing light as ordinates. Approximately in both cases the duration is 
proportional to the natural logarithm of the excitation. (See table 17.) 

This decrease in the duration of the two processes with falling 
excitation affords an obvious explanation of the varying character of 
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the curves of decay of phosphorescent substances. Where the excita- 
tion is chiefly superficial, as in the case of some powders, the excitation 
may be nearly of one intensity and the curve made up of well-defined 
linear processes with sharp inflection-points. We have found this to 
be the case in many instances. Where, on the other hand, fluorescence 
is excited within the crystalline mass by rays that have suffered con- 
siderable loss by absorption, etc., there will be a wide range of intensi- 
ties of excitation and a curve results with distributed knees and linear 
processes shortened and sometimes almost obliterated. We observed 
this particularly where a clear crystal was mounted with faces per- 
pendicular to the photometer and was excited from behind so that the 
light emitted by the surface nearest the exciting source passed through 


Taste 17.—Variation of length of processes with excitation (phosphorescence of uranyl 
rubidium nitrate). 


’ Duration. 
Intensity of 
excitation 


Nat: loz) lm 
Process Process Process 
ie 


6.033 ; é 0.00400 
4.919 C a - 00310 
3.220 : : -00240 
2.590 c : -00198 
2.190 : : -00170 
1.560 : : -00146 

-698 : : -00110 


the crystal and was partially absorbed. Excitation occurred within 
the crystal in diminishing amount with increasing depth and the com- 
posite phosphorescence reaching the eye under such conditions showed 
this blending effect to a marked degree. The same crystal when 
excited from in front gave a curve in which the angles between pro- 
cesses were made more sharply defined. The effect in question is 
probably a general one and may well account for the perplexing differ- 
ences in the curves of decay obtained under slightly varying cireum- 
stances. Thus, one observer will obtain an angular curve, where 
another, studying the same material, can detect no linear processes. 
The same observer, indeed, in attempting to repeat his measurements, 
will often find the above-mentioned change of type under conditions 
which seem to be identical but in which the same relations as regards 
superficial and internal excitation are not preserved. 

We found in the study of this effect a crystal one smooth face of which 
gave the blended curve, while the opposite face, which was rough, gave 
the angular curve, a change produced and reproducible by merely 
rotating the crystal through 180°. 
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THE PHOSPHORESCENCE OF VARIOUS NITRATES. 


Observations were made on a series of nitrates previously prepared 
for the detailed comparison of the fluorescence spectra of that salt.t 
These consist of crystals with 6 H,O (rhombic), 3 H,O (triclinic), and 
2 HO (system undetermined) as water of crystallization and a speci- 
men sealed in glass which had been rendered as nearly anhydrous as 
was possible without decomposing the nitrate. 

The curves of decay indicate a much slower rate of decay for the 
crystalline forms than for the anhydrous nitrate. Whatever effect the 
amount of water of crystallization may have is doubtless masked by the 
far greater influence of the crystalline form. This is perhaps to be 
expected, since, as will be shown in Chapter VII, these specimens exhibit 
as great differences in the structure and appearance of their fluores- 
cence and absorption spectra as commonly exist between entirely 
distinct uranyl salts. Similar differences in the case of salts similar in 
composition but differing in crystalline form will likewise be described 


in a subsequent chapter. 


Y, 


Fia. 43. 
OBSERVATIONS ON POLARIZED PHOSPHORESCENCE. 


Certain crystals of the double chlorides of uranyl exhibit fluorescence 
spectra consisting of sets of bands polarized at right angles to one 
another. To determine whether these components after the close of 
excitation decay independently or without change in their relative 
intensities, the following experiment was made: 

A crystal of the rubidium uranyl chloride that exhibited the phe- 
nomenon of polarized fluorescence was mounted behind the disk of the 
synchrono-phosphoroscope and was observed with a spectroscope. 


‘Nichols and Howes; Physical Review (2), rx, p. 292. 1917. 
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The slit of the latter instrument was divided into two parts by means 
of an opaque strip across the middle (S, fig. 43). 

Within the collimator a doubly refracting rhomb R and Nicol 
prism N were mounted. The rhomb gave two slit-images vertically 
displaced and the adjustment was such that the lower part (A) of one 
image was contiguous with the upper part (B) of the other. 

Thus two spectra of the phosphorescent field were obtained corre- 
sponding to the two polarized components. These presented the usual 
distinctive structures at whatever stage of the phosphorescent decay 
they were observed. By rotation of the Nicol prism the two fields 
could be brought to equal brightness for any given part of the spec- 
trum, and this balance, if made with the sector of the phosphoroscope 
set so as to give observations at 0.0005 second after extinction, was 
found equally correct up to 0.005 second or as long as phosphorescence 
was observable. The two components therefore decay at the same 
rate. 


SUMMARY OF PHOSPHORESCENCE OF SHORT DURATION. 


(1) All uranyl salts thus far examined possess the same type of 
phosphorescence; 7. e., with increasing instead of diminishing rates of 
decay. 

(2) This is true not only of the crystalline forms, but also of uranyl 
compounds in solid solution or in the plastic state characteristic of the 
double phosphates. 

(3) The initial brightness of phosphorescence under like excitation 
varies greatly with the different salts, as does also to some extent the 
rate of decay. 

(4) The brightness of a salt newly prepared in darkness is greater 
when first excited than subsequently, but it soon reaches a nearly 
stable condition. 

(5) Exposure to red and infra-red rays is without effect as regards 
the rate of decay. 

(6) The phosphorescence, like the fluorescence, of the uranyl salts 
appears to be independent of the mode of excitation, and the structure 
of the intricate spectrum is the same during excitation and throughout 
the observable phosphorescent interval. 

(7) Changes in the rate of decay are not continuous, but occur in 
definite steps, there being at least three successive processes within the 
interval covered by observations, 2. e., about 0.006 second. These 
processes follow a law such that J-1/2 is in linear relation to the time. 

(8) The first and second processes, counting from the close of 
excitation, are of nearly equal duration, increasing in duration with 
the intensity of excitation in such a manner that the duration of the 
process is approximately proportional to the natural logarithm of the 
excitation. 
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(9) In certain salts, such as uranyl ammonium nitrate; decay is 
retarded by cooling; in other cases the temperature effect is slight. 

(10) Uranyl nitrates with 2, 3, and 6 molecules of water of crystal- 
lization vary greatly in the rate of decay, but the changes in crystalline 
form appear to be more important in this respect than the amount of 
water. 

(11) In the case of the polarized spectra of the double chlorides, both 
components decay at the same rate and no change in relative bright- 
ness can be detected throughout the range covered by observation. 


PHOSPHORESCENCE OF LONG DURATION. 


While comparing the spectra of uranyl salts under excitation by 
kathode rays and under photo-excitation, in 1917, Misses Wick and 
McDowell discovered that certain salts continued to glow for several 
minutes after bombardment in the vacuum tube, at the temperature 
of liquid air. 

Many uranyl compounds are unstable in vacuo, and of those which 

-are not decomposed rapidly, some, notably the chlorides, are prac- 
tically inactive under the kathode rays. The following salts, which 
were prepared by Mr. Wilber in the form of fairly large, well-formed 
crystals, gave bright fluorescence and were fairly stable: 

pag potassium nitrate, KeUO2(NOs)4 (crystallized from 10 to 30 per cent nitric 
een nitrate, K2U0.(NOs) (long crystals from 2 to 3 per cent nitric 
Hosein ere nitrate, KUO2(NOs3)3 (water form). 

Uranyl] potassium nitrate, KUO,(NOs)s (anhydrous). 

Urany] potassium sulphate. 

Uranyl potassium sulphate (with 2 molecules of water). 

An examination was made of all of this group. They were found 
to exhibit phosphorescence in varying degree. Some showed no phos- 
phorescence of noticeable duration. The following, which were among 
the brightest, were selected for study: 

(1 and 2) K,UO.(NOs3)4. The first form, A, was crystallized from 
a 10 to 30 per cent solution of nitric acid, and the second form, B, from 
a 2 to 3 per cent solution. Although the crystallographic form is 
identical, form A crystallizes in short, thick crystals and form B in 
long, slender crystals. There appeared to be a slight difference in the 
phosphorescence of the two forms. It is possible, however, that the 
difference observed might have been due to some variation in the 
conditions under which the phosphorescence was produced. 

(3) K,;UO2(SOz)». To ascertain whether, as the result of exposure 
to the kathode rays, the surface layer of the crystals had undergone 
some change which rendered them capable of persistent phosphores- 
cence under photo-excitation, they were alternately illuminated by the 
light of a carbon are and bombarded by the kathode rays. To accom- 


PHOSPHORESCENCE SPECTRA. 57 


plish this without changing any conditions except the mode of excita- 
tion the tube containing the crystal under observation was mounted 
within an unsilvered cylindrical Dewar flask and cooled to the tempera- 
ture of liquid air. Light from a carbon are was focussed upon the 
crystal through the walls of the Dewar flask and of the vacuum-tube, 
producing intense fluorescence, but there was no after-glow of duration 
sufficient to be detected. The kathode discharge, however, caused the 
persistent phosphorescence already described and the effect appeared 
to be distinctly cumulative, requiring excitation for several seconds. 
After the phosphorescence had died away, photo-excitation was re- 
sumed, and this process was repeated many times without observable 
change in the effect of the light. 

IDENTITY OF THE SPECTRA DURING FLUORESCENCE AND KATHODE- 

PHOSPHORESCENCE. 

To determine whether the spectrum, during this persistent phos- 
phorescence, corresponded with the fluorescence spectrum, settings 
on several of the brightest bands were made with the Hilger spec- 
troscope. The result was the same as the observations upon the brief 
phosphorescence following photo-excitation, described in an earlier 
paragraph of this chapter; 7. e., the spectra were found to be identical 
during and after excitation and remained unchanged in character as 
long as they were visible. 


CURVES OF DECAY FOR THE KATHODE-PHOSPHORESCENCE. 


Misses Wick and McDowell also determined the law of decay for 
the three salts (1, 2, and 3) selected for investigation. Since the effect 
lasted for several minutes, it was possible to use the method commonly 
employed in such measurements. The arrangement of the apparatus 
is shown in figure 44. 


wise 
A Lil 
(ah an a 
Fia. 44. 


A Lummer-Brodhun cube A was placed at one end of a track XY, 
about 3.5 meters long. The crystal B was placed opposite one face of 
the cube. The comparison source L was a 5-volt tungsten lamp placed 
in parallel with a suitable rheostat upon a 55-volt circuit. “ The lamp 
was mounted in a carriage C, running on the track XY, on which, at 
intervals of about 25 cm., stops were placed. Green, blue, and ground 
glass absorption plates P and P’ were inserted to obtain a comparison 
source of the proper color and intensity. A chronograph was used 
to record the time. The zero of time was in every instance recorded 
when the primary circuit of the induction coil was broken. When the 
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intensity of phosphorescence matched that of the source in the first 
possible position, the time was again recorded and the carriage moved 
to the next stop, and allowed to remain until a match was made as 
before. This procedure was continued until the phosphorescence was 
too faint to observe or until the end of the track was reached. 

The interpretation of the results was somewhat difficult, since the 
instability of the crystals rendered uncertain both the control of the 
vacuum and the maintenance of the crystal surface unchanged during 
prolonged bombardment. The general shape of the decay curve after 
long excitation is shown in figure 45. The curves are of the type usual 
with phosphorescence of long duration, consisting of two linear 
processes, of which the first is the more rapid, whereas, as has been 
shown in the previous portions of this chapter, the decay following 
photo-excitation is of a new and entirely different type. 
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Under different conditions, phosphorescence was observed to last 
from less than a minute to 10 or 15 minutes. The exact form of the 
curve varied with the time of excitation. The time of decay was found 
to increase with the time of excitation, as shown in figure 46, but the 
initial brightness changed relatively little. There was some evidence to 
indicate that under similar conditions of vacuum the rate of the first 
process remained practically unchanged for varying times of excita- 
tion, but that the second process began sooner for longer excitation, 
as shown in figures 47 and 48. In figure 48, curves 1 and 2, obtained 
by a short-time excitation, show only the first process, whereas curves 
45 and 46, obtained by excitations of 40 and 80 seconds respectively, 
indicate that a state of saturation had been reached such that added 
excitation produced no change in the phosphorescence. 

As has been stated, the initial brightness and rate of decay were 
found also to depend upon the strength of the bombardment, as varied 
by the pressure in the tube and by the voltage applied to the induction 
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coil. The curves of figure 45, for example, were obtained with a rela- 
tively high vacuum, whereas those of figure 49 were obtained with a 
very low vacuum, so that the decay was comparatively rapid and there 
was only a suggestion of the beginning of the second process in the 
position of the last point observed. Slight changes in temperature, 
such as were produced when the liquid air fell below the line of the 
crystal, were found also to produce changes in the initial brightness and 
rate of decay. 
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To determine whether the excitation produced any secondary change 
in the crystal, which persisted after the phosphorescence had dis- 
appeared, so that there would be a progressive building up of the 
phosphorescence, excitations were made of equal length, repeated at 
as nearly equal intervals as decay observations permitted. Figure 49 
shows that, at a fairly low cathode vacuum, an excitation of 20 seconds, 
repeated at approximately 1-minute intervals, produced identical 
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decay curves. The same effect is shown in figure 50 for a much longer 
period of decay. When the time between excitations was short as 
compared to the time and strength of excitation, there appeared to be 
a progressive change, as indicated in figure 51. 
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From this investigation by Misses Wick and McDowell, two definite 
conclusions may be drawn: 

(1) The spectrum of the long-time phosphorescence produced by 
cathode-ray excitation at liquid-air temperatures is identical with the 
fluorescence spectrum. 


SECONDS 
Fig, 51. 


(2) The decay curve of the cathode phosphorescence differs in the 
most striking manner from that of the brief photo-phosphorescence. 
It corresponds in type with that usually found in cases of phosphores- 
cence of long duration. 


V. THE MORE INTIMATE STRUCTURE OF URANYL SPECTRA 
AS REVEALED BY COOLING. 


It was first shown by J. and H. Becquerel and Onnes,! who studied 
the spectra of several of the uranyl salts when excited to fluorescence 
at the temperature of liquid air and ultimately at that of liquid hydro- 
gen, that each band of the spectrum as we know it at +20° is resolved 
into a group of much narrower bands. It was further shown by these 
investigators that all of the various groups of bands in a given spectrum 
were resolved in precisely the same manner, the homologous com- 
ponents forming series. 

This more intimate structure, which is revealed by cooling, may be 
studied to great advantage in the case of the double chlorides, which 
salts, as has been noted in Chapter III, have spectra sufficiently 
resolved at +20° so that the origin of the components observed at 
— 185° can be traced and the relation of the two spectra to one another 
much more definitely determined than is the case where the spectrum 
at +20° consists of unresolved bands. 

Four of these chlorides have the following composition: 


UO2Cle. 2KC]1+2H20. U02Clh.2RbCl1+2H20. 
UO2Clh. 2NH,Cl+ 2H,0. UO2Clke.2CsCl. 


They crystallize in triclinic plates which are strongly fluorescent 
and their spectra, which are almost identical in structure, are resolved 
at room temperature into 8 groups of narrow bands. Each group, 
which corresponds to a single band of the ordinary urany] fluorescence 
spectrum, consists of 5 nearly equidistant bands. The symmetry of 
these spectra, as they appear to the eye when viewed with a spectro- 
scope of moderate dispersion, is most striking. The bands are well 
separated from their neighbors and are about one-tenth as wide as the 
bands of the ordinary type of uranyl spectra. 

The distribution of intensities within the group has been determined 
for the visually brightest group in the spectrum of the ammonium 
uranyl chloride by means of the spectrophotometer. The results of 
such a determination are given in table 18, and are shown graphically 
in figure 52. 

The curve (fig. 52) which forms an envelope of the group of bands is 
of the same type as that for the distribution of intensities in a single 
band of the ordinary urany] fluorescence spectrum and of the envelope 
of the set of bands in such a spectrum and is also similar to curves of 
distribution of the fluorescent spectra having a single broad band.’ 

The effect of cooling is likewise analogous, the envelope for —185° 
being narrower on account of the great relative reduction in brightness 
of the outlying members of the group. All the bands are shifted in 
in 1 Becquerel and Onnes, Leiden Communications, 110. 1909. 


2 See Chapters II and III. a 
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position as well as changed in intensity in a manner to be described in 
a subsequent paragraph. 

To determine as closely as possible the wave-lengths of the bands, 
photographs of the spectra of the four double chlorides were taken 
and many visual settings were made. Fluorescence was excited by 
means of the carbon arc, the light from which passed through a screen 
opaque to rays of wave-length greater than about 0.45 w and was 
focussed upon the crystal. Various EXPOSUTES WETE 1p, 4.15 18, Intensities 
employed on account of the great d fferences in the of bands in group 6 
intensity of the bands and special plates were used __(¢#cited at +20°C). 
for the red end of the spectrum. The exciting Band. | Intensity. 
light was excluded from the camera by the use of amr or 
suitable screens opaque to the blueand violet. except 5306 


where the absorption spectrum was to be recorded. rons 

The various negatives were measured by mount- 5159 
ing them on a micrometer stage in the field of the | 5119 
lantern. The micrometer-screw was carefully eali-: Tyianle but oe Ge 
brated, sothat wave-lengths could be determined by spectrophotometric 
measuring the distance of the crests of the bands measurement: 


from certain reference lines of the mercury spectrum, which was photo- 
graphed on each negative so as to overlap the fluorescence spectrum. 

This method of projection was 
found better than the use of the 
comparator commonly employed in 
the measurement of line spectra, 
because of the hazy character of the 
bands and because bands that are 
so weak and vague as to be invis- 
ible even under a low-power micro- 
scope could be seen and ‘ocated by 
means of the lantern. Many 
measurements of the stronger bands 
were made with the comparator as 
a check on the determinations with 
the lantern. 

These measurements confirmed 
to a remarkable degree the apparent 
symmetry of the spectrum. When 
all the bands are plotted on a large 
scale, ina diagram with the recip- 
rocal of wave-lengths as abscissz, 32 spy ae 
the spectrum is seen to consist of 8 cand 
groups of 5 bands each, as already described. The nearly uniform 
arrangement of the bands of each group repeats itself precisely from 
group to group, so that corresponding members of the groups form an 
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homologous series of equidistant bands. This interval, moreover, is 
very nearly the same for all five of these homologous series; but 
although the departures from equality are of the same order as the 
errors of measurement, there is reason, as will be seen later, to regard 
them as real. 

The general arrangement of the bands in these spectra is roughly 
depicted in figure 53, which is based upon measurements of the fluores- 
cence spectrum of the ammonium uranyl chloride. Horizontal dis- 
tances are plotted on the scale of frequencies, the corresponding wave- 
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Fia. 53. 


lengths being indicated for convenience. Vertical heights indicate 
relative intensities, but with some pretence of accuracy. The first 
and eighth groups at the extreme left and right, for example, if drawn 
to scale, would be scarcely visible. They are, in fact, so feeble that 
they can be observed only with the greatest difficulty. The location 
of the various bands of the 4 double chlorides, in wave-lengths and in 
frequencies (1/u x 10%) is given in table 29 at the end of this chapter. 
The values given are the averages of several readings from the photo- 
graphs and from visual settings. The bands in each group from the 
red toward the violet are designated by the letters B, C, D, H, and A, 
and bands having the same letter thus form homologous series. 

To determine the intervals between groups, the position of what 
may be called the center of each group was found by averaging the 
frequencies of all 5 bands. The intervals between these centers for 
groups 2, 3, 4, 5, 6, and 7 are given in table 19. Groups 1 and 8, for 
which insufficient data were available, were omitted, except in the 
case of the ammonium chloride. 

The only indication of a systematic departure from uniformity of 
interval for a single salt appears in the case of the cesium chloride, the 
average group-interval for which is smaller than that of the other salts 
by nearly 0.5 per cent. 
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As will appear in the course of the subsequent consideration of 
individual series, the tendency of the group intervals of the cesium 
salt to diminish toward the violet is not, as might seem at first sight, 
an indication that the groups are made up of series having a diminish- 
ing interval. As regards the other salts, it will be noted that the dis- 
tance between groups is essentially constant. 


TaBLE 19.—Distances between fluorescence groups. 


Potassium Ammonium Rubidium Cesium 
uranyl chloride. uranyl chloride. uranyl chloride. uranyl chloride. 
Group. 
Center of] Inter- |Centerof| Inter- |Center of} Inter- {Center of} Inter- 
group. val. group. val. group. val. group. val. 
1 os os ican een ome ed Ho cota aOR cee eo orhone m5) O25 ars sae] eee erred er en eet ed ter ers ety al Pee ocictesl lis, cio hoya. 
DPE Scen Gene araits T5872 lec Miner 1588.6 83.3 TOMS Sal een amiede 1592:16) I-praeenee 
Se 1670.8 83.6 1671.9 83.3 1674.9 83.4 1675.9 83.3 
4.. 1754.0 83.2 1755.0 83.1 1758.3 83.4 1759.3 83.4 
Oo. 1836.6 82.6 1838.4 83.4 1840.7 82.4 1841.8 82.5 
63: 1919.6 83.0 1922.3 83.9 1924.2 83.5 1924.7 82.9 
Moses 2003.3 83.7 2005.6 83-3 2007.8 83.6 2006.6 81.9 
Average distances....| 83.22 ]........ Bante lee atesan SSy260 Wnaereenn 82.80 


DISTRIBUTION OF BANDS WITHIN THE GROUPS. 


While to the eye the fluorescence spectra under consideration present 
the appearance of evenly spaced bands varying periodically in intensity 
so as to form the groups, this is not strictly the case, as may readily be 
shown by subtracting neighboring values in table 29. The average 
distances thus obtained are given, for convenience, in table 20. 

The greatest departures from uniformity of distribution occur in the 
spectra of the rubidium chloride and the cesium chloride. 


TaBLE 20.—Average distances between neighboring bands in the fluorescence spectrum at +20°C, 


: Distances between bands. 

Fluorescing 
eg St CtoB. | DtoC. | BtoD.| AtoE. | BtoA. 
WOx:Gls2ke Clas. aw 15.97 18.66 17.96 14.70 15.58 
UO, Cle. 2NH,4 Cl....| - 17.56 17.74 17.86 15.67 15.67 
UQ: Ch.2Rb Cl... .. 16.20 18.43 18.50 12.75 L7 2 
UO: Ch.2Gs Clo..... 18.25 12.85 18.63 14.52 18.10 
Averages.....| 16.99 16.92 18.24 14.41 16.62 


In the rubidium spectrum, bands A and E are crowded together, 
the average interval being 12.75, and in the cesium spectrum D and C 
are similarly crowded. It will be noted that the average distance 
between A and E is less for the four chlorides than any of the corre- 
sponding distances between other bands. 

The arrangement of the bands within the group in the four salts is 
conveniently compared by means of the diagram in figure 54, in which 


INTIMATE STRUCTURE ON COOLING. 65 


the geometrical centers of the groups are in the same vertical line. It 
will be seen from the diagram: 

(1) That the group center is in all four cases almost coincident with 
the crest of the D band. 

(2) That the distance between D and E is approximately the same 
in all. 

(3) That the arrangement of bands within the group is essentially 
the same in all, except for the displacement of band A in the spectrum 
of the rubidium and of B and C in that of the cesium salt, as mentioned 
above. 

Further discussion of these discrepancies will be found in a later 
paragraph of this chapter. 


INTERVALS OF THE INDIVIDUAL SERIES. 


For the consideration of the frequency intervals of the individual 
series, the values from table 29 have been arranged by series in table 
30. Distances between the observed positions of neighboring members 
of each series are given in the column marked “Intervals.” To 
facilitate the detection of systematic departures from uniformity of 
interval, a column of values calculated by the following method is 
likewise given: A “center” for each group was found in the manner 
already employed for determining the group centers. Around this the 
calculated positions were arranged under the assumption of a con- 
stant frequency interval equal 
to the average of the observed 
intervals for each series sepa- 
rately. The column marked 
“Differences” indicates the de- 
parture of the observed values 
from those thus calculated. 
The departures from uniform- 
ity of interval are unsyste- 
matic, indicating, for all the 
salts, that the series may be regarded as having a constant frequency interval. 

This interval has been computed for each series by subtracting the 
observed frequency of each band from the frequencies of all the other 
bands of the series and dividing the sum by the total number of inter- 
vals in question. The results are presented in table 21. 

These data indicate no progressive change of interval with the 
molecular weight, except that the interval is definitely smaller for the 
- eesium uranyl chloride. The other three salts, so far as this deter- 
mination goes, must be regarded as having the same average interval. 
It is likewise difficult to distinguish with certainty differences in the 
intervals of different bands in a given salt, except that the C band has 
in general a smaller interval than the other series, or of a given band 
in the different salts, excepting in the case of the ceesium chloride. 


Fie. 54. 
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At the same time, while not obviously systematic, the variations 
in these values are considerably larger than those resulting from the 
measurement of the interval of any given series, taken by itself, which 
' should not exceed, at most, 0.2. 


TABLE 21.—Average intervals at +20° C. for the four double chlorides. 


These seeming discrepancies are not to be considered as wholly 
accidental, but as being due to the fact that the bands are complex, 
and variously so, as will appear from the study of these spectra at low 
temperatures. 

While ‘he determinations thus 
far described may be regarded as 
indecisive as to small differences 
of interval between the various 
series and salts, excepting as 
noted above, the influence of 
molecular weight upon the posi- 
tion of bands in the spectrum is 
unmistakable. 

In tables 29 and 30 (at end of 
chapter) the almost universal 
and fairly regular increase in the 
frequency of each band as we 
pass from potassium to cesium is 
sufficiently evident. In figure 
55 this general shift, which is 
present in all the groups and 
affects all series, can be seen at 
a glance. Almost the only re- 
versed shifts occur in the case of 
those bands of the cesium spec- 
trum which show anomolous plac- 
ing in the spectral groups. 

In table 19, where the groups 
are units, the accidental errors 
pertaining to individual bands are submerged in the processes of aver- 
aging and the shift with molecular weight appears as a still more 
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systematic phenomenon. Ignoring group 7, in which the bands are 
displaced by absorption in a manner to be discussed later, we find the 
following shifts to exist. 


TaBLe 22.—Shift of the groups. 


Groups con 2 3 4 5 6 
Dhaifiter tesrsare 5.4 5.1 5.3 5.2 5.1 


Average shift from K to Cs, 5.2 


Ths shift is therefore to be regarded as approximately uniform 
throughout the spectrum. The shift is much greater between NH, and 
Rb than in the other cases, the averages being as shown in table 23. 


TABLE 23.—Average shift of groups. 


IKON Hg te Slice oe ee 1.6 
NE GRDAYS toes k es ars Prof 
Rb=CBi x ceatinc wens 9 


It will be noticed that in this discussion the order of molecular 
weights used is K, NHy, Rb, Cs—NH, being placed between K and 
Rb instead of in its proper position. This is in accordance with the 
results of Tutton,! who has shown that in various optical properties of 
crystals which depend on the molecular weights, NH, always lies 
between K and Rb, as though its effective molecular weight were 
larger instead of being smaller than K. 


THE EFFECTS OF TEMPERATURE. 


The narrow, line-like bands into which the ordinary uranyl spec- 
trum is resolved at low temperatures’ form a rather complex aggre- 
gation separable into a series of identically arranged groups corre- 
sponding to the unresolved bands at +20°, but related to the over- 
lapping components of the latter in a manner not easily capable of 
direct determination. It was deemed of especial interest, therefore, to 
observe the effect of cooling on the double chlorides, where the relation, 
owing to the partial resolution at +20°, should be more obvious. 

For this purpose a crystal, C’, of the salt to be examined was mounted 
within a long cylindrical Dewar flask, D, with unsilvered walls (fig. 56). 
The carbon are A was focussed on the crystal by the lens L. A water- 
cell W was inserted between the arc and the condenser. The light- 
filter F was opaque to all but the violet and ultra-violet rays used for 
excitation. Observations with the Hilger spectroscope H, a portion 
of the collimator of which is shown, were made through a second filter 
E opaque to the exciting light but transmitting the fluorescence. The 
are and specimen were well screened by an opaque box BB. When 
it was desired to photograph the spectrum a camera was substituted 
for the observing telescope of the spectrometer. 

The control and adjustment of temperature were effected by attach- 
ing the crystal at the upper end of a vertical copper rod which could be 


1Tutton, A. E., Crystalline Structure and Chemical Constitution. (London, 1916.) 
2 See Becquerel and Onnes, l. c. 
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immersed more or less deeply in the liquid air by raising or lowering 
the Dewar flask. To preclude the gathering of frost or moisture on the 
surface of the crystal, it was kept during the entire experiment at a 
sufficient distance below the lip of the flask, where it was surrounded 
with the dry atmosphere above the slowly evaporating mass of liquid 
air. Measurements of the temperature were by means of a small coil 
of fine copper wire mounted at the same level as the crystal, so as to 
have always, as nearly as possible, the temperature of the latter. 
Changes in the resistance of the coil were indicated on the sheet of a 
Callender recorder, carefully calibrated to read directly in degrees 
centigrade and adjusted for a range from +20° to —200°. 


Fig. 56. Fic. 57. 


The crystal was mounted so as to cover a transverse slot in the 
copper rod. It could thus be illuminated either from the front, as 
shown above, or from behind by light transmitted through the slot. 
The latter arrangement was employed especially in the study of the 
absorption spectrum. ; 

When the substance, excited to fluorescence in the manner already 
described, was gradually cooled to the temperature of liquid air and 
the spectrum was observed through the Hilger spectrometer, the fol- 
lowing changes were noted: 

(1) The bands become narrower and better defined until at the 
temperature of liquid air they correspond in appearance to the usual 
line-like bands characteristic of the fluorescence spectra of the uranyl 
salis at low temperatures. 

(2) As the temperature falls the bands are gradually resolved into 
doublets. One component of each doublet becomes rapidly brighter, 
while the other frequently becomes more indistinct and sometimes 
disappears. The general effect is that of a shift toward the violet 
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amounting to about a third of the distance between the original bands. 
The nature of this apparent shift is as follows: 

Each band at +20° may be regarded as an unresolved doublet, of 
which in general the member of longer wave-length is relatively so 
much the stronger that its position determines approximately the 
location of the crest of the composite band (see fig. 57). The effect of 
cooling is to resolve this doublet into separately distinguishable bands 
and at the same time to cause a subsidence of the stronger and an 
increase of the weaker member. The member of the shorter wave- 
length usually becomes dominant at low temperatures, and in so far as 
this occurs the arrangement of the spectrum appears to be undis- 
turbed but shifted toward the violet by an amount representing the 
width of the doublet. There are, however, certain exceptions to this 
rule, so that the relation of the resolved spectrum to that at +20° is 
not so simple as the above description would imply. The appearance 
of the group, if this be its real structure (2. e., a set of nearly equi- 
distant doublets, the distance between the members of all the doublets 
being nearly the same), would then be as shown in figure 57. 

At +20°, B’, C’, D’, E’, and A’ are entirely concealed by the over- 
lapping of the bands. At —185°, B, C, D’, E, and A may or may not 
be visible, according to their intensity or the completeness of the resolu- 
tion, which in fact varies greatly in different parts of the spectrum. 

It will be noticed that in the lower diagram in figure 57, D and not 
D’ is the dominant component. This is a condition which obtains in 
the ammonium chloride, with the result that C’ and D, which appear 
to have replaced the strong C and D bands of the spectrum of +20°, 
are near together, D and E’ far apart, and the symmetry of the group 
is impaired. Similar complications occur likewise in the spectra of the 
other double chlorides. 

To illustrate the application of this assumption, the spectrum of the 
ammonium uranyl chloride has been mapped in the manner shown 
in figure 58, in which the fluorescence bands of the 8 groups as they 
occur at —185° are shown in their relation to a hypothetical grouping 
given at the head of the diagram. This grouping consists of the set of 
imagined doublets of which, as in a previous paragraph, the spectrum 
at +20° is supposed to be made up. The spacing for each doublet is 
that determined from the observed average shift on cooling and the 
relative divergence from this arrangement is shown for all the bands 
of each group. 

A scrutiny of the fluorescence spectrum at —185°, group by group, 
by means of this diagram, affords very satisfactory confirmation of 
this hypothesis concerning the apparent shift. It is obvious: 

(1) That not all the components B, C, D, EH, and A will necessarily be 
visible in every group of the resolved spectrum. 
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(2) That lack of resolution in any region may give the appearance of 
a single band with intermediate crest in place of the doublet. 

(3) That the position of crests of the unresolved doublets at +20° 
will not necessarily coincide exactly with that of either component. 

Bearing these points in mind, it will be seen that were resolution 
complete all the observed bands of the spectrum at —185° would 
probably fall into the system proposed above. 

We may imagine that the difference between the resolution of the 
bands C and D, for example, as seen in figure 54, is produced by changes 
in the unresolved doublets at 
+20° when the temperature 
is reduced to —185°, of the 
kind indicated in figure 59. 
The doublet CC’ forms a 
single band with crest nearly 
coincident with C at +20°, 
and this owing to the sub- 
sidence of C and growth of 
C’ takes the resolved form 
shown at —185°. In the case 
of D, however, the unresolved 


band has an intermediate crest at D, but is really composed of over- 
lapping components D’ and 0” which are separately visible at —185°. 

The wave-lengths and frequencies of the bands in the resolved 
spectra of the four double chlorides, as observed when excited at the 
temperature of liquid air, are given in table 31 at the end of the chapter. 
The nomenclature used in this and subsequent tables is chosen to 
indicate as far as possible the relation of the bands at —185° to those 
at +20°. Thus B,, Bo, etc., denote components of B, etc., which have 
been rendered visible by the resolution effected by cooling. 

The explanation offered above to account for the relation between 
the spectra at +20° and at —185°, and which was illustrated in the 
case of the ammonium uranyl chloride (see fig. 58), was confirmed by 
observations upon the spectrum of that salt at intermediate tempera- 
tures. It was thus possible to watch the gradual appearance of the 
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components characteristic of the spectrum at low temperatures and the 
simultaneous fading away of those dominant at +20°. The same 
explanation applies equally well to the potassium and rubidium double 
chlorides. In the case of cesium uranyl chloride the relations are 
complicated by the further resolution of these components, so that the 
connection with the original complexes is less easily traced. 

To indicate the general character of these resolutions and the 
apparent temperature shift which results therefrom, the positions of 
the bands of group 6 at —185° are plotted for all four chlorides (see 
fig. 60). Intensities of the —185° bands are indicated roughly by the 
height of the lines. The corresponding crests of the bands at +20° 
are represented by dotted lines. Group 6 was selected because it 
offers better examples of the further breaking-up of the components 
and of other phases of the process of resolution than do groups toward 
the red in which resolution is progressively 
less complete. 

Two questions which were left undetermined 
in the study of the spectra at +20° may be 
regarded as settled by these measurements of 
the bands at —185°. 

(1) That the intervals are not the same 
for all series in a given spectrum is clearly 
established. For example, the components 
C,, C2, which take the place of the C bands in 
all four spectra, have distinctly different in- 
tervals, 7. e., 84.00 for C, and 82.75 for Co. It 
is noteworthy that C,, which becomes the 
crest of the group in place of C also, has the 
small interval. It might be questioned 
whether these so-called components are not 
merely accidental neighbors rather than 
products of the same vibrating system, but for the fact that they 
are present in all the spectra and have very nearly if not precisely the 
same relative positions to each other in all. 

(2) The average interval of all series in the spectrum of the cesium 
chloride (82.80) at +20°, which causes the notable displacement of the 
bands of that substance, becomes 83.44 when we take the average of 
the intervals of the bands at —185°. That is to say, it is, within the 
errors of observation, the same as the general average for the other 
salts. On the basis of the measurements at low temperatures (see 
table 24), we must conclude that the four double chlorides have approx- 
imately the same average frequency interval. 

The averages given in table 24 are obtained from the data of table 
32, which contains the frequencies of all the fluorescence bands observed 
in the spectra of the four double chlorides when excited at the tempera- 
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ture of liquid air. As in the corresponding table for +20° (table 30) 
the arrangement is by series. 


Taste 24.—Average intervals of the fluorescence series at -185° C. 


Series. K. NH, Rb. Cs. Average. 
Bi 83.9 83.0 84.2 83.0 83.53 
Bo. 83.1 83.2 83.6 83.4 83.33 
B3 SSB reece oe sll Seatac cteverard tell euavers aon atonal oh etecareverenens 
Ci 84.9 84.1 84.0 83.7 84.18 
Co aaa 82.7 82.9 82.8 82.78 i 
Di 83.1 83.8 83.6 83.1 83.40 
POY? east eacke (ate a he nae ooteke whereas ae SALA » hates 
D2 84.1 84.2 84.0 83.6 83.98 
TED A te desl lorebe vanessa total] ce ster areca el eee cere SBLGly hil ee ees secs 
E,’ 83.6 S265. SD ostorenacen Sone 83.10 
Be helio daesios Sono Weeaetar 83.5 83.40 
Ay 83.3 83.1 SQ ic) |istecs cect ocotahs 82.83 
IAB. coll Ge casera ae lator tate 83.6 83.4 83.50 


THE ABSORPTION SPECTRA. 


A glance at the absorption spectra of the double chlorides, obtained 
by viewing through a spectroscope the light transmitted by the 
crystals at room temperature, shows the same higher degree of resolu- 
tion that characterizes the fluorescence spectra of these salts. The 
salient feature is a series of strong, rather narrow bands, equally spaced 
as to frequency, like the broader bands of the other uranyl compounds. 
The interval, as in all uranyl absorption spectra, is distinctly smaller 
than the fluorescence interval. Between these are several series of 
weaker bands. 

The complete mapping of the absorption spectra is difficult. It can 
not be done visually, since the bands extend out into the darkness of 
the ultra-violet. Photography adds considerable detail, but does not 
greatly extend the range toward the shorter wave-lengths on account 
of the rapidly increasing opacity. In the brighter regions of the 
spectrum, on the other hand, more can be seen with the eye than can 
be found on the photographic plate. The data which we have obtained 
and which are presented in the tables at the end of this chapter have 
been procured by supplementing the photographic method, wherever 
desirable, by visual observations. 

A great variety of light-filters and combinations of light-filters have 
been employed in different parts of the spectrum, with widely different 
exposures for the strong and weak bands. The thickness of the trans- 
mitting layer has likewise been varied as far as the available material 
would permit. We are convinced, however, that the extreme limits of 
the absorption, in both directions, have not as yet been reached. 

By using crystals of unusual thickness, especially prepared for this 
work and sometimes by mounting several crystals one behind the 
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other, so as to greatly increase the depth of the transmitting substance, 
it has been found possible! to greatly extend the absorption spectrum 
toward the red. 

Since the crystals are of a greenish-yellow color, they become rapidly 
transparent as the light admitted is changed from blue to yellow; hence 
the use of increasingly thicker layers to bring out the absorption bands. 
To a certain extent the crystal acts as a screen to absorb the blue light 
which would cause fluorescence; nevertheless it was found necessary 
to interpose orange or yellow screens of different densities to eliminate 
fluorescence in a region where ordinarily it is at a maximum. At first 
colored glasses obtained from Dr. H. P. Gage, of the Corning Glass 
Company, were used as filters; later, solutions of potassium bichromate 
of varying concentration. It is evident that the screening must be 
constantly changed when light from the arc is used as a background for 
bands of increasingly longer wave-length. It was thought that a beam 
of monochromatic light could be used as a background and thus 
obviate exciting the crystal to fluorescence, but a preliminary study 
indicated that such a beam of dispersed light could not be made of 
sufficient intensity to bring out the dimmer bands. 


WAVE-LERGTH. 


FREQUENCY. 


Fic. 61.—Fluorescence bands are indicated by lines above the horizontal. Old absorption bands 
are indicated by dotted bands below the line; new absorption bands by solid bands below the 
horizontal. The plot shows only a portion of the complete spectra of the following salts at 
+30° C: (1) potassium urany! chloride; (2) ammonium uranyl chloride; (3) rubidium uranyl 
chloride; (4) cesium uranyl chloride. 

In figure 61 is pictured a portion of the fluorescence and absorption 
spectrum of each of the double chlorides studied. Fluorescence bands 
are designated by lines above the horizontal line. The older, well- 
established absorption bands are designated by dotted lines below the 
horizontal and the new bands by solid lines below the horizontal. The 
relative positions of the fluorescence and absorption bands are readily 
seen. These bands appear to be of two distinct classes: 


1 Howes, H. L., Physical Review (2), x1, p. 66. 1918. 
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(1) Most of them at +20°, as may be seen from the diagram and 
from table 25, in which they are listed together with the corresponding 
fluorescence, are reversals of fluorescence. These do not form a con- 
tinuation of the absorption series lying farther toward the violet, nor 
can they be grouped in series having the absorption interval of 71+. 
In all four species every fluorescence band of groups 5 and 6 has its 


TaBLe 25.—New absorption bands at +20° C. 
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corresponding absorption band, and this relation extends to some of 
the bands of group 4. Indeed, the suspicion would seem warranted 
that were the proper experimental conditions attainable throughout 
the spectrum, every fluorescence band would be found to have its 
related absorption band and to be reversible in the sense in which that 
term is defined in a subsequent paragraph. 
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(2) The remaining bands listed in table 25 are not reversals of 
fluorescence. They belong to existent absorption series, of which they 
are the members of greatest wave-length as yet observed. 

It should be noted that special precautions were taken to avoid 
bias. They were not sought for by locating the fluorescence bands and 
looking for reversals, but found under conditions of illumination which 


TABLE 26.—New absorption bands at —185° C. 
Potassium uranyl chloride. Ammonium uranyl chloride. 
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rigorously excluded fluorescence, and in many instances their existence 
and place was checked by two observers working independently: 

The fact that practically the entire group was in approximate coin- 
cidence with fluorescence was an unlooked for result of which we became 
aware only after the measurements had subsequently been plotted. 
The expectation was that these bands would prove to be members of 
the absorption series lying farther toward the violet. 
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A search by similar methods failed to reveal any bands of class (1), 
mentioned above, in the spectra of the crystals when cooled to the 
temperature of liquid air. No selective absorption could be detected 
beyond the violet end of group 6, 1/\ 1940, and while a considerable 
number of new absorption bands were detected, nearly all of these 
(see table 26) were found to be members of series already recognized. 
The exceptions, two each in the spectra of the ammonium, rubidium, 
and cesium double chlorides, do not appear to be related to the fluores- 
cence. Coincidences between fluorescence and absorption are of the ~ 
sort already established as characteristic of the reversing region. 


TABLE 27.—Average intervals of absorption series at +20° C. 


Series. | K. | NHu.| Rb. Cs. Av. 


The failure to find the bands in groups 5 and 6 is not surprising. 
They are sufficiently difficult objects at +20°, where two or more 
components are blended into a broader band. The existence of these 
components at —185° may be regarded as probable, but they were 
invisible under the conditions which we have thus far been able to 
obtain. 

The absorption spectra of the double chlorides do not exhibit the 
same remarkable approach to identity of structure and regularity of 
arrangement manifested in the fluorescence spectra. Upon analysis, 
however, they are all found to consist of series having intervals of 
approximately 70 frequency units. As may be seen from table 27, 
this interval for a given series is very nearly the same for all four salts. 
The average interval for all the series of a given salt is constant within 
the errors of observation. These averages are based on the values in 
table 33 at the end of this chapter. 

The absorption bands, unlike those of the fluorescence spectrum, do. 
not appear to fall into a succession of strictly homologous groups, but 
this is because some series disappear, while others increase in strength 
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toward the violet. A group near the fluorescence region, therefore, 
differs notably in aspect from one in the extreme violet, and it is 
difficult to base conclusions on the location of the centers of the groups, 
as was done in the study of the fluorescence spectra. 

As may be observed in figure 62, where the ninth group for the four 
spectra at +20° is plotted, the distances between the consecutive 
bands are less nearly equal than the distances between fluorescence 
bands. It is also evident from this figure that with increasing molecular 
weight there is a general shift toward theviolet. The shift is apparently 
less systematic than with the fluorescence bands and several reverse 
shifts seem to occur. In general, however, the total displacement is 
approximately the same as that observed for fluorescence, 72. e., 5 
frequency units from potassium to czesium. 


EFFECT OF TEMPERATURE ON THE ABSORPTION SPECTRA. 


In the study of the absorption of the double chlorides at —185°, a 
modification of the method described in a previous paragraph in 
the investigation of the fluorescence at low temperatures was made. 
(See fig. 56.) The crystal under observation was mounted within a 
Dewar flask and submerged in liquid air. Light was transmitted 
through the crystal instead of being reflected from its surface and a 
nitrogen-filled tungsten lamp was, in general, substituted for the 
- carbon are. Both photographic and visual 
methods were tried, and in the reversing 
region, especially, where fluorescence and 
absorption overlap, much attention was 
given to the selection of color-screens to 
exclude fluorescence from the portion 
under consideration. 

A complete list of the absorption bands 
observedat — 185° will be found in table 34. 

The three most obvious results of cool- 
ing to the temperature of liquid air are: 
(1) a general shift toward the violet; (2) a 
great increase in thenumber of bands; (3) 
a very decided narrowing and sharpening 
of the bands. 

These changes are readily accounted for 
by the assumption already made, in this 
chapter, that thebandsat + 20°C. arecon- 
cealed doublets and that theeffect of cool- 
ing is toresolve them while simultaneously 
reducing the strength of the stronger and increasing the strength of the 
weaker component. The apparent shift thus produced will vary from 
zero to 5 or more units, according to the distance between the com- 
ponents. 


Fia. 62. 
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A few bands at —185° are so located with regard to the +20° bands 
that to explain them by this theory we must suppose them to be too 
feeble at +20° for detection and greatly increased in intensity by 
cooling. 

There is also evidence in places of further resolution into closer 
narrow doublets and as the degree of resolution is not always the same 
with fluorescence and the corresponding absorption, this is a source of 
trouble in the attempt to find the fluorescence series which belongs to 
each series in the absorption spectrum. Every low-temperature band, 
however, falls into a series of constant frequency, whatever its position 
or degree of resolution. . 

The effect of temperature on the average intervals can be studied by 
comparing tables 27 and 28. Although the intervals range from 69 to 
71, there is little that can be termed systematic in the variations. 

At liquid air temperature, where two or more components are present, 
we have used subscripts. Thus d;, corresponds to Dj, dz to De, ete. 
Where the reversal is doubled in the manner shown in figure 63, we 
have designated this doublet as d,’ and d,”’, etc. 

The average interval of each salt is approximately the same at 
both temperatures. It will be noticed in table 27 that 70.28, the 
average of the c components is smaller than the b, d, e, or a 
averages. This is of interest because the strong C series, which 
join these series, are also the shortest of the fluorescence series. Since 
the —185° bands are very sharp and easy to locate, no doubt the 
differences found in table 28 are indicative of real 
variations in the constant-frequency intervals. It 
does not follow that the smaller intervals are con- 
fined to one salt or one set of bands, however, since, as 
has been noted in the case of series C; and Cz of the 
fluorescence series, the maximum difference in interval 
may be associated with two series which are nearly co- 
incident. The comparison of table 27 with table 28 
shows that the effect of changing temperature on the 
average interval of a salt is almost negligible, but that the two com- 
ponents of one series of the +20° spectrum may vary by as much as 
1.9 units in frequency interval. 

The character of the change in the absorption spectra when we pass 
from +20° to —185° can best be seen in detail by plotting a single 
group in the spectrum of each salt, as has been done for group 9 in 
figure 62. A better idea of the phenomena of cooling, as a whole, is 
obtained by means of maps like those in figures 64, 65, 66, and 67, in 
which all the bands of fluorescence and absorption are given at both 
temperatures, first in a single line as they occur in the spectrum of each 
salt. Fluorescence is indicated by vertical lines above the horizontal 
and absorption below. Length of line indicates roughly the strength 


Fia. 63. 


INTIMATE STRUCTURE ON COOLING. 79 
of the bands. No attempt has been made to denote the width of the 
bands. Below each spectrum the absorption bands are sorted out into 
their respective series. The figure is necessarily on a greatly reduced 
scale. Our working maps of these spectra are about 2 meters in width. 
From these maps some of the statements already made can be 
verified at a glance; e. g., the increased number of bands and series 
at —185°; the greater extent of absorption toward the red at +20° 
than at —185°, and that there is in general a greater degree of resolu- 
tion of absorption than of fluorescence. It may also be noted that the 
known absorption spectrum is of greater extent than the fluorescence 
spectrum and that the absorption, considered as a unit, suffers a nar- 
rowing on cooling which is more marked on the side toward the red. 


TaBLE 28.—Average intervals of absorption series at —185° C. 


Series Ks NHg. | Rb. Cs. | Average. Series. K. NHsg. | Rb. Average. 
iS Sa 7G). 3 Pe Re 70.4 70.50 (LE eaiesteee J) |Past Sa WOE (lnc 70.70 
‘Sheceg genet eee 7A Nigh oe erent lta ae ate 71.40 iO rscene OSG O nkmla 0 sO meee 70.73 
Die: See SOE see 71.30 Ce ete INTO RO | eerie 70.0 70.25 
ik 5 en eee GLOiln eee 70.6 70.80 Ca elie ial Uae ee aia 70.8 | 70.3 70.55 
Ce eee AVES dl peetree GOed MW On2, 70.47 CR So wee Eee 1 Vey eh oer 70.8 71.10 
Peden se baa. s-4-s 7 ea ee 2 ee 71.40 ee oe 
(ee) SA RRC fl Foe al ee eee TORE 70.95 Cat h/t [eek SEN lexeeae nba eacker oral iemnoea che 70.67 
WM get co, | saat enecohastin tees lee aes 70.83 Ceo Bad eS Al ence bea TIO eaeO 71.00 
Gs eer as CORO gid Leics Al arceensces. lesonecior 70.65 
i" 9 & 5 11 Gol CRORE SERIES | CHES 70.3 70.30 (OP rrmet nose (Oma eetoe 70.4 | 70.6 70.47 
Tr. Senha Cee rare 70.7 | 70.5 70.60 an’. VAEO S| ese eae ee era e. 71.90 
Css haa GIG Os (ene ete le Clos 70.9 70.10 | 
Co ROSORNE 7029 oli ol ecuresc 70.43 [i ats cae Wha echoes (mr Ba len cae tee erin tae 7100 =. 
Ca a (oN Ue erste ie MOE Si ner 69.95 == 
——_——_ Av. (OR22\ 70h 206) 702841570: 54| eae eee 
4 BSR. 3b ae ea Sirs ree eas east | eee ioe 70.28 
if ae COS Lies CORO aT 70.35 
ARIE 2 a BOR SI are 70.2 70.50 
Eas 2 a ee eet Pen Milioee land Ouie 70.85 
ke ss’: TAU Clee Nae eheineectl tice eer ae 71.0 70.50 
LS Cape G@OSSa| sled tac Ol 70.68 
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REVERSALS AND THE REVERSING REGION. 


The phenomena of the reversing region, where fluorescence and 
absorption overlap, are complicated. Some points applicable particu- 
larly to the double chlorides are, however, discussed here. 

The early observers of uranyl spectra were of the opinion that some 
connection or relation must exist between the system of bands of 
fluorescence and absorption. Becquerel and Onnes, who first studied 
these spectra at low temperatures, were able to confirm the impression 
of Stokes that the two systems overlapped and that there was actual 
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coincidence of position between certain fluorescence bands and absorp- 
tion bands. 

In the case of the double chlorides at +20°, each series of bands of 
the fluorescence system comes into coincidence, or near coincidence, 
with an absorption band in what we have termed the reversing region, 
which is approximately that region occupied by group 7 of the fluores- 
cence spectrum. 

The fact that the reversal sometimes appears to be exact, within the 
errors of observation, while sometimes there is a displacement of several 
units of frequency, might seem to render such a general relation doubt- 
ful, but the discrepancy can be shown to be a necessary consequence of 
the fact that both fluorescence and absorption bands at this tempera- 
ture are unresolved complexes. The true nature of the case may be 


seen from figure 68, which is from a sketch of such a reversal at — 185°, 
where the resolution is more nearly complete. Here the fluorescence 
and absorption are complementary, the strong components of fluores- 
cence coinciding with the weak absorption component and vice versa. 
When the resolution is less complete, the weaker components will dis- 
appear, and although the reversal for each component is exact, there 
will be an apparent failure to reverse, or, in other words, we see the 
strong components displaced. 

An actual instance in which this relation between fluorescence 
appears is given in plate 1, a, which is from a photograph of a small 
portion of the reversing region. The upper half contains the com- 
ponents of a resolved fluorescence band, the lower half the correspond- 
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ing components of the absorption band with fluorescence eliminated. 
In this photograph each component of the fluorescence has its exact 
reversal in absorption, with reciprocal relations as to intensity indi- 
cated in figure 68. The weaker component of fluorescence is coin- 
cident with the stronger component of the absorption doublet, and 
vice versa. 

In the reversing region fluorescence and absorption are mutually 
destructive. Consequently one or both are sometimes invisible; but 
knowing the intervals, we can locate the reversal. By proper screening 
the fluorescence may be prevented and the absorption band brought 
Out; and by taking extra precautions to secure a dark background and 
to increase the excitation the fluorescence may be seen. Thus the com- 
putation may be confirmed. 


In the study of the double chlorides the matter is further confused 
because the difference between the fluorescence interval (83+) and 
that of the absorption interval (70+) is approximately equal to the 
distance between neighboring bands in the fluorescence groups. An 
absorption series which comes into coincidence with band C, group 7, 
will therefore nearly coincide with band B, group 8, etc. Furthermore, 
the degree of resolution in the absorption spectrum, as has already been 
mentioned, is often greater than in the fluorescence spectrum, and 
certain series are observable of which the corresponding fluorescence 
bands can not be identified. 
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So far as the spectra at +20° are concerned, we find that: 

(1) All absorption bands toward the violet from the reversing region 
occur in series with constant-frequency intervals. 

(2) For every fluorescence series there is a corresponding absorption 
series. 

Whether the relation between absorption and fluorescence outlined 
above is significant can best be determined by the study of the spectra 
for —185°. 

If, for example, the explanation of the numerous instances of inexact 
coincidence is valid, we should expect exact reversals of the components; 
also that the components of the resolved absorption spectra form series 
definitely related to the components of the fluorescence spectra in a 
manner consistent with the system indicated for the spectra at + 20°. 
From a study of the exactness of the reversals in the resolved spectra at 
low temperatures it appears that 25 out of 38 fluorescence series are 
certainly reversed and that 36 fluorescence series join absorption series 
in the seventh group. The experimental error in this group does not 
exceed 1.5 units. The difference in position between fluorescence and 
absorption is sometimes greater than 1.5, but this may 
be ascribed to the dissymmetry in the form of the bands. 

Fluorescence bands have their crest toward the violet, | rt. 
absorption bandstoward thered. In the case of reversals, 
these regions tend to annul each other, leaving a rem- 
nant of fluorescence on the red side and a remnant of 
absorption on the violet. The result is that in regions 
where fluorescence and absorption exist together, fluo- 
rescence bands are apt to be given too great a wave- 
length, and vice versa. In the C, series of the rubidium 
chloride, for example, there is a displacement of 2.6 units 
between the observed positions of fluorescence and Fic. 68. 
absorption. 

If, however, we compute the proper positions of these bands, using 
the average intervals for the C2 and c series respectively, thus elimi- 
nating the displacements in the reversal region, the fluorescence band 
and absorption thus established agree in position within 0.3 unit. 
The impossibility of excluding all absorption when fluorescence is 
present, and the impossibility of preventing a tendency toward 
fluorescence when absorption alone is sought for may well account 
for the resulting displacement. The case of the C2 series is not an 
isolated one—probably every reversal is affected somewhat and the 
stronger bands the most; there being always an apparent shift of the 
absorption band toward the violet and of the fluorescence band 
toward the red. This phenomenon has long been recognized by the 
authors in connection with broad fluorescence bands, and it must now 
be recognized in the reversing of the narrow, line-like bands at the 
temperature of liquid air. 


ABS. 
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In the above, the reversals which connect fluorescence to absorption 
series have been sought for in the seventh group. There are, however, 
other possible connections, for coincidences occur in the sixth and 
eighth groups as well. Since, as has already been pointed out, the 
difference in spacing between a fluorescence and absorption interval 
is nearly the same as the spacing between fluorescence bands, it is often 
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possible to join equally well two fluorescence series to one absorption 
series, a fact which makes it difficult to determine the true relation in 
the case of this class of salts. 

The actual manner in which the reversals between fluorescence and 
absorption occur is shown in figure 69, which is a diagram of the revers- 
ing region. Here the plotting is quite accurate, the fluorescence bands 
above and the absorption bands below the horizontal. Dotted lines 

ndicate computed positions. This figure is approximately 10 times as 
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large as the original negatives. To avoid confusion, the various series 
occurring in each salt are vertically displaced instead of being drawn 
on a single line, as they appear in the actual spectra. An inspection 
of this diagram will suffice to indicate the approach to complete coin- 
cidence in the reversals and the type of departure from coincidence. 


TaBLE 29.—General list of fluorescence bands in spectra of the double uranyl chlorides 
at +20° C. 


Potassium Ammonium Rubidium Cesium 
Group | uranyl chloride. | uranyl chloride. | uranyl chloride. | uranyl chloride. 
and 
series. 
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With regard to the reversing region at —185°, it can be stated that— 

(1) The majority of the fluorescence series reverse in the seventh 
group. 

(2) 36 out of 38 fluorescence series are joined in the seventh group 
to absorption series. 

(3) The exactness of reversal depends not only on the structure of 
the band, but on the simultaneous presence of fluorescence and absorp- 
tion in this region. 

(4) Other reversals and connections are present in the groups adja- 
cent to group 7. 


TABLE 30.—Frequencies and intervals of fluorescence series at +20° C 


Group|Group|Group|Group|Group|Group|Group|Group 


Frequencies (calculated) 1635 .5|1718.9/1802. 3/1885 .7|1969.1/2052.6 
Differences —1.0} —0.5} +0.9} +1.0} —0.3] —1.2 


PRS FH ioysencies (observed) 1636 .5|1719.4/1801 .4/1884.7/1969 .4)2053.8 
K 
82.9 82.0 83.3 84.7 84.4 


Frequencies (calculated)... .|1470.9|1554.3)1637 .6|1720. 9/1804. 3/1887 .6}1970.9/2054.3 
Differences +1.2} —1.0} —1.0} +0.6] +1.2} +0.8!) —0.6} —0.3 


Frequencies (observed) 1469 .7|1555.3}1638.6]1720.3/1803.1]1886.8]1971 .5|/2054.6 
NH, 
Intervals (observed) 85.6) 18355 CSI vo a S2nS8umsont. eStameroonL 


Frequencies (observed) 1557 .6/1640.0)1724.0/1806.1]1890.0}1973. 8/2059 .0 
Frequencies (calculated 1556. 2/1639. 7/1723 .2|1806.7|1890.1|1973 .6|2057 .1 
Differences —1.4) —0.3) —0.8] +0.6] +0.1}] —0.2} —1.9 


Rb 
83.4 84.0 82.1 83.9 83.8 85.2 


Frequencies (observed) 1562 .3/1643 .9]1727 .4|1808.6]1891 . 1/1973 .5)2056.3 

Frequencies (calculated) 1562 .0}1644.3/1726 . 6/1809 .0/1891 .3/1973 .6)/2055 .9 

Differences —0.3} +0.4) —0.8}) +0.4) +0.2} +0.1) —0.4 
81.6 83.5 81.2 82.5 82.4 82.8 


Series C. 


« 


Frequencies (observed) 1568 .6]1652.5|1736.4|1819.3)1901 .5}1984.4/2068.0 
Frequencies (calculated) 1569 .3}1652 .4/1735.6]1818.7}1901 . 8/1984 .912068.0 
Differences +0.7} —0O.1} —0.8] —0.6) +0.3} -++0.5 0.0 
Intervals 83.9 83.9 82.9 82.2 82.9 83.6 


Frequencies (observed) 1489 .9|1572.9/1655 . 3/1738 .6}1820.7/1904.6]1987 .6/2071 .0 
4) Frequencies (calculated)... .|1489.4/1572.4/1655 .4/1738.411821.4/1904.4/1987.4!2070.4 
Differences —0.5| —0.5} +0.1] —0.2} +0.7] —0.2) —0.2| —0.6 
Intervals 83.0 82.4 83.38 82.1 83.9 83.0 83.4 


Frequencies, (observed) 1573.8|1658.3/1741.6/1822.8/1905.5/1989.1/2072.8 
Frequencies (calculated) 1574 .5|1657 .5|1740. 4/1823 . 4/1906. 4/1989 .3|2072.3 
Differences +0.7| —0.8}] —1.2! +0.6] +0.9} +0.2} —0.5 
Intervals Stor S33) SI2— 82.7, 8376" “8327 


(Frequencies (observed) 1578. 5}1662.5}1745.4|1827.5}1910. 4/1990. 3}/2075.0 
Cs | Frequencies (calculated) 1579 .6}1662.1/1744.6}1827.1/1909.6/1992.0/2074.6 

Differences +1.1} —0.4) —0.8! —0.4} —0.8) +1.7! —0.4 

Intervals 84.0 82.9 82.1 82.9 79.9 84.7 
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TasE 30.—Frequencies and intervals of fluorescence series at +20° C—continued. 


Series D. 
Group] Group|Group|Group|Group|Group| Group | Group 
1 2. 3; 4, 5. 6. ile 8. 
Frequencies (observed). ....]...... 1586 .6}1671.5]1754.9]1837.6}1920.1/2004.0]...... 
K Frequencies (calculated)....]...... 1587 .6}1670.9]1754. 2/1837 .5|1920.8/2004.1)...... 
1D Aaa ga) eVes- Been nthe cio Bet Cerone +1.0] —0.6] —0O.7| —0O.1] +0.7| +0.]1]...... 
Intervalesnirecrrsinmct ite ereatel tres, em 84-92 “8854> “S257 8225) (85.05 nee 
Frequencies (observed)..... 1507. 1/1589 .6|1672.7|1755.7|1839.7|1923.2/2005.7]...... 
NHg!} Frequencies (calculated)... .|1506.6}/1589 . 8/1673 .0}1756. 2/1839 .4|1922.6/2005.8]...... 
DEEN COS eis evarsielal eta aye =0.5} +0.2} +0.3) +0.5| —0.3} —0.6} +0.1]...... 
Intervalsene:s ote sates eves 82.5 SSL 28320) 984.0) 38325. (825008 saline 
Frequencies (observed).....|...... 1592. 2/1675 .9}1758.7|1841.5}1925.0/2008.4]...... 
Rb _ |} Frequencies (calculated)....|...... 1592 .411675.6]1758.7|1841.9}1925.1/2008.2]...... 
Differences esacc cans esate aoa +0.2} —0.3; 0.0] +0.4) +0.1] —0.2]...... 
irs Gera Alig eeeecc x cove orsmortocRseeatnest aaa ntetne 8357. 8228 8258><83 0.) 83) Sa Ser 
Frequencies (observed).....}...... 1590. 1/1675 .0}1757 .9}1840.5/1923 .6)2004.4]...... 
Cs_ | Frequencies (calculated)....|...... 1592. 2|1675.0)1757 .9|1840.7|1923.6}2006.4]...... 
DETerGnGes <x nomiekia =. dl sbnoorbs +1.1 0.0 0.0! +0.2 0.0) s6220. ces 
intervals eco eases es knoles 84.9" 82:9 82.6) 8321" (8058) 3 eee 
Series E. 
Frequencies (observed)......]......|1606.4/1689.5]1772. 3/1855 .3/1938.3/2021.7]...... 
K Frequencies (calculated)....]...... 1606 .4/1689 .4|1772.4}1855 .4|1938.4/2021.4)...... 
IDifferencestic.2)e taeeins-o bis che ne aloe 0.0; —0O.1) +0.1| +0.1) +0.1) —0.3}...... 
Intervalstvens...cmisnes pe oevont| tee mbes $3.1 82.8) (83:20) 8320) 8324 ean eee 
Frequencies (observed)... ../1521.8/1604.9/1688. 2/1772 .3}1856.9}1940.5}2024.1]...... 
NH) Frequencies (calculated)... .|1521.2/1605.0/1688 .8}1772.6)1856 .4|1940.2/2024.0}...... 
Differences cas2 Weave ie. oe —0.6) +0.1] +0.6} +0.3] —0.5| —0.3] —0O.1]...... 
TntervVals 2 yo. ccve dees? 83.1) 18333: - 84.1 846 83.6. | 83iGeenie lancer 
Frequencies (observed).....}...... 1611.3/1694.1)1777.8)1859.8)1943 .5)/2026.2]...... 
Rb | Frequencies (calculated)....]...... 1611.4/1694. 1/1777 .3|1860.3}1943.3/2026.2)...... 
Diffieren Cesauc. ates norte eee +0.1 0.0) —0.5| +0.5| —0.2 OZ O reas 
a Dnibernvalsarrcrey tere sete cteneesne |e etee ent 82.8 983.05 (8250 S37 (S207 ean eee 
(Frequencies (observed).....|.....- 1608 .0/1691.9]1775 .9]1859 .1/1942.7/2025.1]...... 
Cs_ |} Frequencies (calculated)....]...... 1608. 4/1691 .9]1775.4/1858.9}1942.3/2025.8]...... 
DITRELEN COS c-.eke eho teat hecs | teste rors +0.4 0.0} —0.5| —0.2}| —0.4} +0.7|...... 
Intervalsae 3 See sc Sinn cdligtmste 83:59 -84:.0). 83.2 83°62 82/4 5eSnt ee 
Series A. 
Frequencies (observed......]...... 1620.5|1704.0/1787 . 2/1869 .6|1953.5/2036.9]...... 
K Frequencies (calculated)....}...... 1620. 5|1703 . 8/1787 .0/1870. 2/1953 .5|2036.7]...... 
Differences nth desitvee te ehie ccc 0.0| —0.2| —0O.2} +0.6 D: Ol Os 2s. cen 
Tutenvalss wccs Necks ie otoern lone ecahe 8315-83-52) S204. 783.9) GSsa ea ee 
Frequencies (observed)..... 1538. 2/1620. 2}1704. 8/1787 .9]1871.8/1956.3|2039.2]...... 
NHg} Frequencies (calculated)... .|1537.2|1620.9]1704.5|1788.2|1871.8/1955.5]/2039.11...... 
Diflerencesixse ice cssion wee —1.0| +0.7| —0.3] +0.3 0.0] —0.8| —O.1]...... 
intervals: eircck coeicies 8am 82:0) 48426 “83.1 “SSe9 8445 7282 OR aie eee 
Frequencies (observed).....|......|...... 1706 .4)1789 .4|1873.1]1957.1/2041.4]...... 
Rb Jj Frequencies (calculated)....]......|...... 1706 .0|1789 .7|1873 .5|1957.3|/2041.0]...... 
BM ErenC6Snos ttc oe dele ete cele ences —0.4] +0.3] +0.41 +0.2) —0.4]...... 
Intervals fo auc ace ae eee ta ler 85:0. (8350) 840-184 Sa. ool 
Frequencies (observed).....]...... 1624.4]1708.2]1789.7|1873.1]1955.7}2039.2)...... 
Cs } Frequencies (calculated)....|...... 1624 .6}1707 .4|1790.3]1873.1]1956.0/2038.8]...... 
DDI FErencOs i555,.5 es ese ceccexeidie clare tsebte +0.2} +0.8} +0.6 0.0} +0.3) —0.4)...... 
A Vervial sec nakeras seen taeece arenes 83.8 81.5 838.4 82.6 83.5 
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TaBLe 31.—General list of fluorescence bands in spectra of the double uranyl chlorides 


Group 
and 
series. 


Potassium 
uranyl! chloride. 


Ammonium 
uranyl] chloride. 


mn 1 x 108 
r 


1 
= X 108 
a 


1563.0 


1579.8 
1591.5 


at —185° C. 


Rubidium 
uranyl chloride. 


Cesium 
uranyl! chloride. 


Atel ero? 
x 


he blesoer0! 
x 
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TABLE 32.—Frequencies and intervals of fluorescence bands in the spectra of the four double 
chlorides at —185° C. 


Potassium Ammonium Rubidium : Cesium 
Series uranyl chloride. uranyl chloride. uranyl chloride. uranyl chloride. 
and. |2 = ee eS ee ee 
group 


1 xX 103 Inter- | 1 103 Inter- 
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TABLE 32.—Frequencies and intervals of fluorescence bands in the spectra of the four double 
chlorides at —185° C.—continued. 


Potassium Ammonium Rubidium Cesium 

Series. | uranyl chloride. | uranyl chloride. | uranyl chloride. | uranyl chloride. 
and 

group Inter- | 1 Inter- Inter- 1 Inter- 

X10° val BK X108 val X10° val be X10° val 

EN ese ee | tara Shaye one cere eaters dua celh che gaeco ital Seevectis agers LSAT sical wate ear 

See tonriae steht ove lets: lier evel] (ecekederatecer silo evsuotarenseall (osovctake @: ovcllle us, @tecereuelllseraceccioins 83.2 

Yale | Comm nveecee aterereil cicne cic ox lis: avace ceuetors dc owe ce ieosee | ecctcue ove corel casters: exotana 1OS0-9 ce teres 

PER ers tees | ene ode celeste Sees [Sotto ice auaks | i Ssrcatanons Gil aun ever lanstad eeveterenae sg 84.0 

LM RR Cen se ot teT OS occelltshefea sts ckel| arenes Greercll oreo Nise wi cletenrs 201429035 Atos wows 

Sl hg ire these Re ae Sea SOB eee peceyeee | eeanerarcite eel os: aueiceveveeatTosl aoe corercabe sie toebsae oer es 

= AERO HEL CRORE CARR SA De eae ecient © |g acest a oa] chee ae eee |e 

SHR te reas heaters LOCO nO ae eeciec lata stecaiemtel tc aie Siecle oreo cree 

pe ecrub conl laoreet lec ert SHS el ancients | crercdeis ss eee eases ec aioe Gee eal 

ZN} ll tees: SES este RRR AEA VUGU AM eee teva. 5 eremscisveritiesreoer es UZGOe Sin leenteccctene 

EDR lee So anren ec: ote sorte. sy ohenel] om ogres dsauece Sle othe tuctoncrell ea eveecail| aire tree oe 84.4 

5 DBS OA cogs csi VS45 Doers US4 OR 2Else eee eic VS5S MN cree 

oor SSO us lneadee atin OA ee pee el ae Ste see lives | eo S 

6 OQ ONO UT ey crete: LOO OMe aeere ateus T9290 0) ie Noes LOS TAO ee retire 

At che S400 2 | Bearer |= Ste Nee erie) Oo coor ecieaiceal | Sone 

i DOO TA cereale QOLS AO ac rencieyerae QOLSEAM sae eee QO 20 G28 See ercep ete 

4 LWW Oaea0 6 WIG Caen evel Ie eeniiertenesl [eee oo me © Cr ete aes cl Lee earl IPERS ch Pate ena 

sensei Sic OLD caaysrceeeets | austereactle oan er nichts uaa Car sece ae die I aectene ees onl ce ecto mae 

5 ESS bila ten a seco ee TSS ORMOD IE eet thel is oie eae) es rere Ao | oatmeal a tee nee eee 

1 DAG te el Reale S452, | erckse: SOU sel on toenaeracei| Qcotorareueters lacs never leas 

6 TOS ORO eo meee: G4 Te OMe Bethe | lowes Rear sne.c eters TO4G SSP le eeeeeceee 

sic Bact eruc) (Peotone aero eae So QeWeritearn cele etree sien ote ers lg Bowe 

Vie | rere vee ral erst teca ketene DODA BTS meteicea| weer late. Seite BOSOLOM |e erereens 

Ure d| eae np (eae ede LL O's errevencusrcre | iarsenact tere| (coorskeeeee ciel weeakntehs cake lt ewer raerees 

Sesh 8 (PRA enn cl Nees Gets SAO ee tenete sve evade cell aleeee ohenevel et oieiee cae 

Siam tee venebete | oxat Aiecores. © LGOBE OR | Neropit- comes ee aroconell eanevs nioiove | aiatasresearellaeootuena ee 

SAAT de cal teem renskat cll caer eue eters SSG Lae a erctevel wares sees a oko sail arts over oreeel| irae eee eet 

ARIE AY Meee ae: [kote aes Sesee TG7SE Meal segapere meas | here ease Wicwele es lens de\| been use| ecte ees 

AE IO i a | i Aone PA ee SSO WK cata satires auarers.a | sissscentrn all elaine meets 

1c. oll eels arene, cpl eee rner anne SG Os evanecclar iene (Rens ot aca eie is T8664 5 | eee es 

ET dEC. | aco avovate lt NEES Shs Oe alley steraee etre tater teoretes ciliates is okceeee | ee 4. 

ay eee ceca iech (een een ene GAS Os lhe accor vevedevaratere | cnancencvew 1950.4 hee ae 

col bauer ee vopede | toncnchenarees ltonevaretere tell olemestne crete aerate eke [iatatiemcnl tos 82.9 

Ce ~ alee edie Sind! ln neeearares i ee creme iokeaiuerk trent MEN weer ane ee oes PLE Rosia eae nian 

A,’ 7 DODSEAMINS ce Baty | em eects De ceere es ZOSSaSa ater betne |ea weve lice teas 

4 LT SAR GIs Secs te LES Too ceo tegen c| Me erates | eeercvcnars Slates lies ee 

Sea Pe SSS OUM ers ecyes-| ESOL ct anaie cater tel] loca peat he femal ose ee Wma artes 

5 PSO. Galler a clene.cx: ikey d Deteal tcl oed olan cl eecetchenotn ol eae ctaunienein| [pierce icicy ch pre sears 

Arete Oliva petal Sa Guinan an oY Fall Nae carnal PEROR ns Cacacl Ve RRR ITER Oe? 

6 TODIRGE eens cic se0 1) sf Ya Au Wo le One MOS 7720) ltaoercgticnarccsl| eas eanr ore a lianas 

Rue atrcte S2UGu alee me llmee eens Geert] ERS e LNG emer, enw wtaeeuse mae 

UE 2034.2 vee egeeefee cesses fee ee eens 204202 Og |e varepeteeil ake cies aces lites see 


Ag 
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TaBLE 33.—General list of absorption bands in spectra of the double uranyl 
chlorides at +20° C. 


Dee ee 


Series b. 

Potassium Ammonium Rubidium Cesium 
uranyl] chloride. urany!] chloride. uranyl chloride. uranyl! chloride. 
1 Inter- | 1 Inter- | 1 Inter- | 1 Inter- 
x 10° val. x X 10° val. 5, X10 val. x 108 va. 
LOTORE ee See ae TOTOE 1 ait ieee 1974.0! esses VOF4 2 eens 3s 
SA ene 68.4 Hey Airset maya Le | ee Os Sa e ee| POO IE 
2OSSeoul aoe PA DY Mea Rene ee DOSE OMe weneeeise TN Byam cape c 
Renee 70.3 Se et ee (aera es} See eereon cl ede Wicrk st ewale OO 
QTOSTSs |e eae DTS ROR Saree see Sa ig Wer A WI or oe PUTS 0) Nereseeee ata 
Bae ey cc 70.8 Pence Teew) Ser eRe saat Ome Nain Been a eC 
ETORGE Aa eee ZESS CON oe cineca 2QUSA Olena are crete OUSPaS: |e teeter 
Nae aren 68.2 Rast ecoreae| ma gl Meee eee OOD SF hn Cree leoeO 
2247.8 D2OO menses 2203 0 DISD nolo etepeaas 

Nes sana done 2 ides aie eee, 
———— PPA ae thom iie ered —_——_ D327 JOE le aera 
I a Store 70.8 ——_ || Eins we eee 71.4 
—_—_— 2400.3 a DSOS. 4: | sp cere 
Lae) SOXx5 ee) Bhs LOCR RINE me 72.6 
— — ee OAT TOs |e ce varerereee 
ee a ne ae eek ere 68.7 
——_ |/71.3X5 2539 ill recente 
2603.0 = 2606.5 oe Ce ailane ces 
Tie nace 72:20 —_——— Le TO Pete Reams si) ties detente 
OX HiT UE Sen ececne 2679). BN deere rien ccsecncnete oes ahe caeeer see 
See torte ot eres 2756.8 eae el le cera eres oral MOI rons 2 
Series b’’ 
Me Sremetemanell Seca en me PAGy Lee el era Soom aal Veiner A| en arcs Ra al leyeeruciorcin Ale cena cass 
ese TE ose eS RES One caer 71.9 PETA IO Do trace oOk lanrors b. 
of Spee oneal chewevererete 26928 >i Resietey | a ia eee eat | yeti ete | encom reee | eee 
Series B 
Sta b teastede oat cada oes Oreoaae mete dna docctrennt | ae Sees a eee ZO5C LOR nae eee: 
Ona Ty iD Conary (ac Keer eel len cect cactonet Io. Cathy Seta icsticiay Zacuc| les canoe reek ae 
Sane attcireialf ae atcor oan cist all ether amememe ie ieeets rade ieotel || GSney etches ll vece cea ee nae DAY EN leila: eae Se 
Re aR nS) (eRe eet leant rerarind| Conan Racer eral ee Pera Penne tae a IE coe a (PIP. 
Taian d'Or Manel [Sanat estore ve | “ene as erte extents ll |ok hon cheneuertall Aik, comtee eect neers tenets Py et |e eins 
Fp desicesseie tog | seenisre oheat Staal Sratce tareatbartap || oyro. aun Sheol abe csua cura lout SceeIc Roem ene | mee aaa 70.3 
aire sat tanrel stl ose sel aizes Bb ot create Kone Suisun Sante wil aeec eee | SNe ee 2269.6 
swimsted ANGLES rar atamreie ee teusl| lg ccaliegaslionst| Sioa rane voter veer Os ee 70.9 X2 
Agr nl i ee ene: Joc We a Panos APO Ble! 
business mt ira (hese Recor ol ae rae aioe enema cece | atecie irc i etal ee COine<3 
Peete icy reer Peal em teat tic ita Mycoecry rts nane (eee ine tat eR Ar p< 2620.5 
Sad jo Sromeverellleeewemans eke cu[:eeeson shotes eyed poke "ira re aves Hicker etre aaa coe | SEE RRR 768 
Saat ‘Sahaltay cf Pos meatal SeeeoH Aes ae eion re ler oy oredr I heat sccne aha cus 2691.8 


* These bands were doubled occasionally. 
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Tas_e 33.—General list of absorption bands in spectra of the double uranyl 
chlorides at +20° C.—continued. 
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Series c. 

Potassium Ammonium Rubidium Cesium 
uranyl] chloride. uranyl! chloride. | uranyl chloride. uranyl chloride. 
1 Inter- 1 Inter- Inter- ] Inter 
x X10? val. x x 108 val. x %108 val. Xr X 108 val. 
POSSEZA ee. 7 LORS) Dul| ie creas OSM re Re ene DMOSO Fs Fess Ua ees ines 

een tes 68.6 dee OOO: MPL reel | OSs OR let 
DUSSE S| we eters AVG val hs soir CAR 205 hc Cull 2064.4 5a 
pene a4 71.6 era OSD oe Cons ace SA eee 
2125.4 ZIQGCO Alten ts on Wot U7: Sal es ee ial las aes ental Ko xo iar 
Sea ttyl Nieto Me AVG Othe de 68.9 ag Rash ats Rear ee 
pth | sla rate seveastotell eaWa has STOOPS A Tew Me Cenc eyatekswr tase ree 
= = yt art Bia Gf lena a | ee EHH SN at oon Miu || Poveectsie tee sll Wrcveaeerere 
Ee ae | Ni Sees ccvarancama| ais tele tends tO SOX GI [cae cede euessrall hesave tere 
ODS ell) wage aN corse nee e | caste oN foes PA OPy: Seta te ew al ROR aed trarpenee nse = 
Senses: 69.5 Sets OG bce chasse Cats Pee oe ato he IE Re A | SKE 
DRAGS TEST tts 6 %0-0 6.0.6 PERO O Geos hen Lea eer heL Pit re EEG. Us Pi Ge een Fn eceeemicec rete | [isles amet INGE Ae oan 
Series ¥. 
997 Onl ccereciae OLVERA ces doe QOOLSO wtiartcetetscs|sectenetercrar| Saneiore eas 
Pa Pree 70.4 eer TOO O Mette eatOOeO Shins 5 Paris, Ma ee 
DOG TEEN ese bares 20706 reniensic QOLON Dial eae etal asoreereronaeslie Shere ae 
Heme ae 70.6 haan ceri toe O: neta race OeS LPeerale vores Ohare Sie 
2137.0 2142.6 DUA WS ol ae noe cee ilencontrenl eens: chen 
Aoi gorse (Yeas SAPS rn OS Re eee 
— we D2 2OOO Aa te: OF we lI Ekcaerete acres ete erenseccs 
70.5x6| ——— |'70.4x6 NOES SS bs Aare Ab ae 8 OR 
———- ——_ PAO Sai \ilGetos Lm a karat reel xakerocueees 
a —— ||_—_aisa....... GOA Niven Sorcerers 
DAGZ MIE Siseremter tale eevee cl hace aes 
2560.2 256 diel at swat ne ane ll eeerers aed taccor oreceal takes: Buea Mesa rere 
Pea aks toll eee oreeat Breil eras eve te 72.0 B Agee ae leg Ghee ciel eta cite eon apres 
Eee Uaioe esasin sete Ph aes Em Ohl basse cen lene te Co Ob ttl Kons Seeeei Eritee ee a Reka o tbe 
SS AAG Sec ne teat 71.5 AG nad Gas Heat See AeA er eae 
AM RITA er oaresoneres FT OS sr eens eae asa HRS oer retete ese resist ochasresl eee eee 
Series d’. 
Sear eR ORT lta evaeek tebe Meee oiecall loredeneacks all aeeustetanttehs 2071.3 
5 Ae cc Eb COST RCL cos SAGE aT REC Leah ets coe eR ERC PA 70.4 X2 
Reap cosaee secs | ead aeetenes & [Ce codeuan esi ateil devecmexeuene pet cars tetera tewall eeuate tarsi a 221202 
PRAMS |e Pap Seow ca[icrsco Meee |< «doc na apePN lchasetoven al eas ee aise tersPel| one tamnsatocs 72.8 
EE RET EOE Rs ere aa Sepeat eh Mlees | Ss eeeeest sl | cane Givnsieeel| crea heatemes 2284. 04ers 
BAR x PCa nT IE Cet EO ce eal ee ecto od Renee een re etara a 8 70.6 
PU TN eae caer a | oes Sores sis Feral] serch cmertan dll verona rset [bade Sreveters 2304. Oil terccriecet: 
SiG OMEN | TOC | RACE ES Peck Ge WE Cons brane ae acl Nec tet 72.0 
PEA Wesel Wet eer oe et til ofox atone tear ltcteas core amet couse svaceustel| ieee arsics D426 16) Werner: 
Pe, Ste Loree Pea cy erie mel Perse tre Moll dou tberavtetecs [iots noua otideiall onersanevelons 70.0 
5 SEU ean hn Cato. tee atc sok) fa ree aha «cto eceiicanh orien iegeeaeancncaae 2496);6. | esac: 
1s Netw (ne, Bo Bern area seri calf il ies al nena) [oer een cat ot Ieee ae en WA 
- alte ty BR EU (Boe nt REE TER Om ea pet eacecitsl [Deo Papo ce (EAs ZOOS leer 
PEP LU aot Pov ais e | viss roy omares a eee TRIOS Il etenenetanslate | Aa arecec eo ll laveraete ceiess 68.1 
DATEL I hod aeerer eral Isetonenan ee | he stoncste es i QGAZE On leeterenicens WS RIs) Ln nooodos 
AeA tN Vozo Es PTO CARCI MT tea lice Yah ani pesalte | ec rec etewe ad hcares atte dever ata[iolte uote: ous One 
ZONE Soe Sects OLS G See arat MMH dda ate | este oiettersen|ronctar ensues bal|leietetotenerore 
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TABLE 33.—General list of absorption bands in spectra of the double uranyl 
chlorides at +20° C.—continued. 


Series d. 


Potassium Ammonium Rubidium Cesium 
uranyl chloride. | uranyl chloride. | uranyl chloride. | uranyl chloride. 


INTIMATE STRUCTURE ON COOLING. 


TABLE 33.—General list of absorption bands in spectra of the double uranyl 
chlorides at +20° C.—continued. 


Series e’’. 


Potassium Ammonium Rubidium Cesium 
uranyl! chloride. uranyl! chloride. uranyl chloride. uranyl chloride. 


1 Inter- 1 Inter- 1 Inter- 1 Inter- 
2 3 ee i bs 
X10 spl x xX 108 er x 108 fal i X10? “all 
POOR CBee rae ON hea) ene Seen aed ane ert (ee ner e a hal (ere mrtieg > al Decor rece ichs 
eer starts |fceae A era areca 71.0 Ria calacapael ihe orate Peuor all shen eeen neat ll ok steve aerate 
Wasa olivines coe DIES Bal esy cteeras [ROSA OO nla erate oretellia acne ome soeiotehor erence 
Meee ce heen Sale eee 70.1 Tee Nae COO AO cee a [locos ote shore 
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TaBLEe 34.—General list of absorption bands in spectra of the double 
uranyl chlorides at —185° C. 


Series by’. 


Potassium Ammonium Rubidium Cesium 
uranyl chioride. uranyl chloride. uranyl] chloride. uranyl chloride. 
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TaBLE 34.—General list of ahsorption bands in spectra of the double uranyl 
chlorides at —185° C.—continued. 


Series b;. aa 


Potassium Ammonium Rubidium Cesium . 
urany ‘chloride. | uranyl chloride. uranyl chloride. uranyl! chloride. 
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TABLE 34.—General list of absorption bands in spectra of the double uranyl 


chlorides at —185° C.—continued. 


Serves by. 


Rubidium 
uranyl chloride. 


Cesium 
uranyl chloride. 


Ammonium 
uranyl chloride, 


Potassium 
uranyl chloride. 
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TaBLE 34.—General list of absorption bands in spectra of the double uranyl 
chlorides at —185° C.—continued. 


Series Ci. 


Potassium Ammonium Rubidium Cesium 
uranyl chloride. | uranyl chloride. | uranyl chloride. uranyl chloride. 


Inter- 
val. 


INTIMATE STRUCTURE ON COOLING. 


TaBie 34.—General list of absorption bands in spectra of the double uranyl 
chlorides at —185° C.—continued. 


Series C,/’. 


Potassium Ammonium Rubidium Cesium 
uranyl chloride. uranyl chloride. uranyl chloride. uranyl chloride. 
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TaBLE 34.—General list of absorption bands in spectra of the double uranyl 
chlorides at —185° C.—continued. 


Series dy’. _ 


Potassium Ammonium Rubidium Cesium 
uranyl chloride. | uranyl chloride. | uranyl chloride. | uranyl chloride. 


INTIMATE STRUCTURE ON COOLING. 


TaBLE 34.—General list of absorption bands in spectra of the double uranyl 
chlorides at —185° C.—continued. 


Series ds. 


Ammonium 
uranyl chloride. 


Potassium 
uranyl! chloride. 


Rubidium 
uranyl! chloride. 


Cesium 
uranyl chloride. 
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TaBLE 34.—General list of absorption bands in spectra of the double uranyl 
chlorides at —185° C.—continued. 


Series €2’. 


Potassium Ammonium Rubidium Cesium 
uranyl chloride. | uranyl! chloride. uranyl chloride. uranyl! chloride. 
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TABLE 34.—General list of absorption bands in spectra of the double uranyl 
chlorides at —185° C.—continued. 


Series ay’. 


Potassium Ammonium Rubidium 


Ceesium 
uranyl chloride. uranyl chloride. 


uranyl] chloride. uranyl] chloride. 


VI. THE POLARIZED SPECTRA OF THE DOUBLE CHLORIDES 
AND DOUBLE NITRATES. 


The polarization of the fluorescent light from crystals, first noted 
by Grailich in 1857,! has since been studied by Maskalyne,? von Lom- 
mel,? E. Wiedemann,‘ Sohncke,® Schmidt,® H. Becquerel,’ and Pochet- 
tino.® 

With the exception of the work of Becquerel on the ruby, in which 
low temperatures were employed, the authors cited above dealt chiefly 
with fluorescence of the usual type, consisting of broad bands. In 
such cases the most that can be done is to determine the direction of 
vibration and estimate the proportion of polarized light. 

The urany] salts afford a much more favorable field for such investi- 
gations. Well-formed crystals of certain of these salts show a marked 
pleochroism. When viewed through a Nicol prism their color changes 
from a yellow-green to a very pale yellowish-white when the plane of 
the Nicol is turned through 90°. In the case of the double chlorides of 
uranyl (t. €., UO,Cl,'2NH,Cl+2H,0; UO.Cl-2KCI+2H,0; UO.Cl.° 
RbCl1+2H;0; and UO.Cl.- 2CsCl), these changes of color are connected 
with striking and significant variations in the fluorescence and absorp- 
tion spectra, and this is true also of certain of the double nitrates. 

These double chlorides, as has been shown in Chapter V, differ from 
the other uranyl salts thus far studied in the greater degree of resolu- 
tion exhibited by their spectra at +20°. The further resolution 
effected by cooling the crystal to the temperature of liquid air is in 
general the same for all; 7. e., the bands are resolved into doublets the 
components of which in some cases, particularly noticeable in the 
absorption spectra, show indications of further complexity. The 
doublets, moreover, are polarized,® the planes of vibration of the com- 
ponents being at right angles to one another, so that two entirely dis- 
tinct spectra of fluorescence and absorption may be observed by the 
use of a Nicol prism. 

For the study of these remarkable phenomena the apparatus depicted 
in figure 70 was devised. 

Within the collimator of a spectroscope of constant deviation a 
rhomb of calcite R was so mounted as to give two vertically displaced 
images of the slit, and these by suitable adjustment of the length of the 
slit could be rendered contiguous without overlapping. 


ee 
1 Grailich, Krystall-optische Untersuchungen, 6G. C. Schmidt, Wiedemann’s Annalen, Lx, p. 
740. 


Wien, 1858. . 

2 Maskalyne, Proc. Royal Society, xxvitt, 7H. Becquerel, Comptes Rendus, cxutv, p. 
p. 479. 5 

3yvon Lommel, Wiedemann’s Annalen, vitt, 8 Pochettino, Nuovo Cimento (v), 18. 1909. 
p. 634. ® Nichols and Howes, Proce. Nat. Acad. Sci. 

4K. Wiedemann, Wiedemann’s Annalen, Ix, p. I, p. 444, 1915; and more fully in Phys. 


' Rev. vi, p. 364. 1916. 
5Sohncke, Wiedemann’s Annalen, Lyi, p. 417. 
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The crystal C was mounted before the slit and turned about the axis 
of the collimator until the planes of vibration of the transmitted light 
coincided with planes of transmission of the rhomb. 

For the study of fluorescence, the light from a carbon are A, after 
passage through the condensing lens L, the water-cell W, and a light- 
filter F, was employed for excitation. The filter was opaque to light 
of a wave-length greater than 0.45, so that the fluorescence appeared 
on a black background. When absorption spectrographs were required 
a pale-blue screen was substituted, and the carbon arc was replaced by 
a 1,000-watt nitrogen-filled tungsten lamp. 


Fic. 70. 


Many crystals were produced before any were found which gave 
complete separation of the two polarized components. A mere inspec- 
tion of the crystals was not a sufficient criterion; but when trans- 
mitted light polarized parallel to one of the planes of vibration of the 
crystal was used, the presence of only one of the two absorption spectra 
was found to afford a very delicate test, both for the adjustment of the 
apparatus and the homogeneity of the crystal. In accordance with the 
usage adopted we shall call that component of the spectrum due to 
vibrations in the more transparent direction of the crystal, the white 
component, while the component at right angles to this will be designated 
asthegreencomponent. Thestronger fluorescence, as might be expected, 
is that of the green component, since light polarized in that plane is 
more strongly absorbed. 

The four double chlorides upon which observations were made crys- 
tallize in triclinic plates. These were so mounted that the flat faces 
were at right angles to the transmitted light. 

The flat faces of the potassium, ammonium, and rubidium uranyl- 
chloride crystals correspond to the (c) crystallographic face, while the 
flat face of czesium-chloride crystals corresponds to the (b) crystallo- 
graphic face. The cesium chloride crystallizes in gypsum-like plates, 
which were mounted with the longest (c) crystallographic axis vertical. 
Since the plane of polarization of the white light is also vertical within 


104 FLUORESCENCE OF THE URANYL SALTS. 


a degree or two, light vibrating horizontally is, in this arrangement, 
less absorbed than light vibrating vertically. As to the direction of 
vibration of the white light within the crystal, it can be said to be more 
nearly parallel to the (a) crystallographic axis than to the (0) axis. 
Rubidium chloride crystallizes in long six sided plates. As mounted, 
plane polarized light was transmitted most freely when the direction 
of vibration was parallel to the (a) crystallographic axis. Potassium 
and ammonium chlorides crystallize in thin plates which approximate 
more nearly the hexagon in form. Examination of the transmitted 
light with the aid of a Nicol shows that the same relations exist between 
the directions of vibration and the crystallographic axes as for the 
rubidium chloride.! 

Two polarized fluorescence spectra are always present, provided the 
crystal is mounted as previously described. It is a remarkable fact that 
these spectra remain unchanged, whether the exciting light is unpolar- 
ized or is polarized in a white or green direction, or any other direction. 
Their character, moreover, appears to be independent of the direction 
from which the exciting light enters the crystal. This is in agreement 
with a general principle established by the study of fluorescence 
spectra,” that the character and location of a fluoresecnce band is 
independent of the nature of the excitation. Changes in the polarized 
spectra occur, however, as might be expected, if different crystallo- 
graphic faces are placed at right angles to the axis of the collimator. 

Although visual observations were made, the spectra were mapped 
for the most part from the photographic plates. Occasionally, the 
fluorescence and a portion of the absorption spectrum could be photo- 
graphed simultaneously to advantage, but more often different screen- 
ing and various times of exposure were necessary in order to bring out 
different regions of the absorption. The exposures varied in time from 
30 seconds to an hour. 


A STUDY OF TYPICAL GROUPS OF BANDS FROM THE FLUORESCENCE 
AND ABSORPTION SPECTRA AT +20°C. 


In the study of the spectra of the double chlorides described in Chap- 
ter V, it has been shown that each group consists of 5 members and that 
each of these bands is double. Since polarization effects a resolution 
or separation, we should expect in general to find 5 components in each 
polarized fluorescence group. In that chapter the bands of one fluores- 
cence group have been designated as B, C, D, E, and A, and the same 
nomenclature will be employed here. 

A typical fluorescence group for each of the four salts is indicated 
in figure 71. The bands above the horizontal line are the green polar- 
ization components (B,, C,, etc.); those below, the white polarization 

1 The excellent specimens which were finally utilized in this investigation we owe to the per- 


sistent and skillful efforts of Mr. D. T. Wilber. 
2 Nichols and Merritt, Physical Review, series 1, 27, p. 373. 1908. 
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components (B,, C,, etc.). The lengths of the bands give an approxi- 
mate idea of their intensities, although the difference in intensity 
between a strong C band and a weak A band can not be shown to 
advantage in such a diagram. The positions of the crests of the bands 
are taken from the observed values, to be found in table 35, but the 
width and form of the bands are more or less arbitrary, being the 
expression of a judgment based on a large number of observations. 


POLARIZED FLUORESCENCE GROUPS +20° 


URAMNYL POTASSIUM CHLORIDE URANYL AMMONIUM CHLORIDE 


Fig. 71. 


From this figure it will be seen that bands C, E, and A of uranyl 
potassium chloride appear as doublets, polarized at right angles. 
Band B has no green component visible, but, as will be shown in a 
subsequent paragraph, at —185° a green component is present, which 
lies nearer the red than B,. Bands C, and C,, are the two components 
of band C, while no component of band D has been found on the white 
side. Bands E and A are also well resolved; the white component of 
band E is of longer wave-length than the green component, while the 
white components of C and A, and probably of B, are of shorter wave- 
length than their respective green components. 
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The uranyl ammonium chloride group shows a strong similarity to 
the preceding group. All except band B appear as polarized doublets. 
Components D, and A, were discerned only with the greatest diffi- 
culty. 

The uranyl rubidium chloride group is very similar to the uranyl 
potassium chloride group. Band B, is missing, but as in the potassium 
chloride, there is a —185° component to the red of B,. Component 
C, has a position nearer D, than has C, in the preceding spectra. 
This is also the condition existing in the cesium-chloride spectrum, 
and it is possible, since no D,, component is visible in either spectrum, 
that D,, is very dim, and hidden in C,. 

Uranyl cesium chloride gives the most satisfactory set of fluores- 
cence bands, since both components of band B are present, and the 
C, E, and A components are very well separated. It is interesting to 
note that B, is of longer wave-length than B,, as is the —185° com- 
ponent of B, in the preceding salts. 

It has been previously stated that the absorption spectra, like the 
fluorescence spectra, are composed of series, which begin with the 
bands which terminate the fluorescence series. The absorption bands 
which lie nearest the fluorescence region can also be arranged in recur- 
ring groups. The absorption series will be designated 6, c, d, e, a; 
since they join the B, C, D, E, and A fluorescence series, respectively. 
The e and A series are the strongest in the reversing region, but grad- 
ually vanish, while the D series becomes stronger toward the ultra- 
violet. Figure 72 gives a typical absorption group for each of the four 
salts. As before, the components above the line belong to the green; 
those below to the white polarization. 

By comparing the uranyl potassium chloride absorption group in 
figure 72 with the fluorescence group of the same salt in figure 71, it 
will be seen that there is no b, component present, as there was no 
B, component present, but that c,, d,, e,, and a,, corresponding to 
series C,, D,, E,, and A, are present and that there are no other series 
represented. Although the relative intensities of the absorption com- 
ponents are almost reversed when compared with the relative intensi- 
ties of the fluorescence bands, the same spacing exists between the 
green components of both fluorescence and absorption. In the white 
polarization group, c, corresponds, in position, to C,, and e,, to 
K,,, while b,, a, serves both B, and A,, series in the following way: B, 
is the first member of each fluorescence group, while A,, is the band 
of the preceding group which is nearest to B,. As the fluoresence 
intervals of both the A and B series are approximately 83 frequency 
units, and A, is 12 units distant from B,, the reversing band of the a,, 
series must coincide with the second member of the b, absorption 
series, since it is 71 units from the reversing band B, or b,. The d,, 
component is absent, as is D,, and there are no superfluous series. 
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The absorption group of the uranyl ammonium chloride is very 
similar to that of the potassium chloride. Again, the b, component, 
like the B, component, is absent, but the other fluorescence series are 
represented by absorption series, save that no component of d was 
found to join the very weak D,, fluorescence band. 

Uranyl rubidium chloride shows a grouping analogous to that of the 
potassium and ammonium chloride, while the uranyl cesium chloride 
group is only slightly different. 

A 6, series is present, which is properly related to the B, series, so 
that b, and b, are the same relative positions as are B, and B,. 


POLARIZED ABSORPTION GROUPS +20° 


URANYL POTASSIUM CHLORIDE URANYL AMMONIUM CHLORIDE 
€9 Cg & 


URANYL RUBIDIUM CHLORIDE 
Cg ag 


Fig. 72. 


No green polarized component joins the C, component. The dotted 
line shows where an absorption component would have to be placed to 
have the proper relation, according to our theory. The cy band is 
evidently complex. c, is present, however, as a single band, and the 
d, e, and a components occupy positions which agree with their corre- 
sponding fluorescence components. bw and aw are here separate. 
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A DETAILED STUDY OF THE RELATION BETWEEN FLUORESCENCE 
AND ABSORPTION SERIES. 

In figure 73 are indicated 2 complete fluorescence groups and 2 
complete absorption groups for each of the 8 spectra. The remark- 
able fact is that although no observed fluorescence bands have been 
omitted which fall within the frequency numbers plotted, each fluores- 
cence series has its properly related absorption series, and with the excep- 
tion of the complex C, series of the cesium chloride not a superfluous 


URANYL RUBIDIUM CHLORIDE 


Fig. 73.—Polarized bands of fluorescence and absorption; four contiguous groups showing the 
relation between the green and white components at +20°. Dotted lines show computed 
positions of absorption bands. Solid lines above the base indicate fluorescence; below the 
base, absorption. 

absorption series is present. Fluorescence bands are designated by the 

solid lines above the horizontal, and absorption bands by the solid 

lines below the horizontal. The dotted lines above the absorption 
bands represent the hypothetical positions of absorption bands, com- 
puted in the following manner: 

The average interval for the series in question was computed from 
all available observations on the bands which belong to it, carefully 
weighted. A hypothetical position for the band in the reversing group 
was then found by adding this interval to the average of the observa- 
tions on the position of the preceding band of the series. This hypo- 
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thetical position was taken as the starting-point of the corresponding 
absorption series, the hypothetical positions of the subsequent mem- 
bers being found by addition of the weighted average for the observed 
interval of that series. 

By reference to figure 73 and to tables 35 and 37, the reader can note 
the general agreement between observed and calculated positions; also 
the occasional discrepancies. In the spectra of uranyl ammonium 
chloride and uranyl rubidium chloride for example, the B, and A, 
series are spaced at such an interval that aw and bw can not coincide, 
as will be seen from figure 73. The observed bwaw bands occupy posi- 
tions between the assumed positions of the 6 and a series, which tends 
to show that the ba band is a narrow doublet. The fact that a few of 
the observed absorption bands do not appear to be in their proper 
places can be readily explained when it is remembered that there is 
sufficient experimental evidence to lead to the belief that many of the 
absorption bands are doublets, consisting of a strong and a weak com- 
ponent. The breaks in a few of the absorption series, as in the eg and 
dy series of the uranyl ammonium chloride, are undoubtedly due to the 
sudden increase in strength of one component, accompanied by a 
corresponding decrease in the other component. 

Table 35 contains the observed positions of all the fluorescence and 
absorption bands at +20°, measured in our determinations of the 
spectra of the four salts. Figure 73 is a map of only the central portion, 
extending, as already stated, two groups into the fluorescence on the 
one side and two groups into the absorption on the other. 


TasieE 35.—Polarized series at +20° C. 
URANYL POTASSIUM CHLORIDE. 


Fluorescence. 


Green component. White component. 
C D E A. B C E A 
Se Cae HSS LOM AES OMe SOs Om etter eel laren cesta fel OO alteay tere nar 


1821.0 | 1838.6 | 1856.9 | 1871.2 | 1804.2 | 1827.2 | 1853.5 |........ 
1903.1 | 1922.0 | 1940.6} 1955.2 | 1887.1 | 1909.6 | 1937.5 | 1958.0 
LOSE O area oyaua ileus thers stele sarees ts TOTO re ULOO2: ON ickcmesscweveloneisiemsaare ts 


Absorption. 


Green component. White component. 


6 d. é. a. ba. C3 é. 


2004 .4 2024.7 2036.7 1968.1 | 1994.4 | 2019.8 
2073.8 2094.7 2106.7 2039.6 | 2064.8 | 2090.7 


2145.5 PNG Aas casas 2111.0 | 2134.9 | 2160.8 

sll terse erette eciey oil aves, opel swerieiceo ai] fal'rew tae swasialcl © QUO Nii | eae emia paceaasonr 
BAS TES -|heretlele arereiels PPL WEY (eM eactera rhe of | ep cots eee Oy key OCR OS 
SOO) IN Sasa enero hens ehsi|is tor ace serch ts ZOOS GL gl ascohs, sleteue' | teaktne ste 
Seis ravlemetor evel Membettegssc cere e's DOOD A mel eren toy stor s lias atetoeroll ake. are ekalabe 
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TaBLe 35.—Polarized series at 20° C.—continued. 


URANYL AMMONIUM CHLORIDE. 


Fluorescence. 


Green component. 


Green component. 


c. d. é. a. 
1988.5 2007.9 2026.5 2039.9 
2057.3 2077.3 2098.1 2110.9 
2128.1 2146.9 2169.8 2182.3 


Bric nie 2256.8 


White component. 


Cc E. A 
DAS AW AT OL O0| openers 
1829.6 | T8538 |< soc. ee 
1912.9 | 1937.0 | 1959.0 


C D E. A B 
742 56.45 eo. So, 1 9ONO eames cries 
1824.0 | 1840.3 | 1857.6 | 1874.1 | 1804.2 
1907.0 | 1923.6 | 1941.6 | 1957.8 | 1886.8 
LOGOS | atesess avers bapats hececa sil cParereie iat che 1970.6 

Absorption. 


White component. 


1970.5 | 1999.8 | 2022.4 
2042.6 | 2070.2 | 2094.7 
2114.1 | 2140.5 | 2166.0 
DISHION Rie oe al etowte es 


URANYL RUBIDIUM CHLORIDE. 


Fluorescence. 


Green component. 


1739.1 
1822.7 
1905.0 


1757.6 
1840.9 
1923.9 


1781.9 
1865.3 
1948.8 


1973.7 
1956.9 


2008.4 
2079.4 
2151.0 


2030.0 
2101.7 


2040.4 
2111.5 


White component. 


1750.6 
1832.4 
1916.4 


1774.7 
1858.0 
1941.6 


1793.6 
1875.5 
1959.5 


1999.2 | 2024.3 
2069.1 | 2094.7 
, 2140.2 | 2165.9 
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TABLE 35.—Polarized series at 20° C.—continued. 
URANYL CESIUM CHLORIDE. 


Fluorescence. 


Green component. White component. 


1761.2 | 1778.1 | 1789.9 | 1729.8 | 1751.3 | 1775.6 | 1793.4 

1827.2 | 1843.3 | 1860.8 | 1873.7 | 1812.3 | 1835.2 | 1858.0 | 1875.8 

1909.9 | 1927.5 | 1944.4 | 1956.2 | 1894.3 | 1917.9 | 1941.4 | 1958.1 
2000.4 


Absorption. 


Green component. White component. 


d. e. a. . i é. a. 
ee oes es oe ees eee el ee 
2007.4 | 2028.6 | 2036.4 ; 2024.5 | 2037.1 
2076.4 | 2098.6 | 2107.6 ; 2094.9 | 2107.9 
2164.9 
2145.2 | 2170.1 | 2179.1 2235.6 


THE EFFECT OF LOW TEMPERATURES ON THE RESOLUTION AND 
POSITION OF THE BANDS. 

It has been shown in Chapter V that low temperature tends to 
narrow all the bands in the spectra of the double chlorides, to resolve 
them into doublets, and to produce certain shifts in their position. 
These temperature shifts were explained by assuming that the bands 
at +20° are close overlapping doublets, the stronger components of 
which are weakened by lowering the temperature, while the weaker 
components are strengthened. Such shifts occur in all of the polarized 
spectra here under consideration and the same explanation is appli- 
cable. They will be considered in detail in a later paragraph. 

In table 36 are recorded the observed positions of the fluorescence 
and absorption bands in the two polarized components at —185°. 

Figure 74, like figure 73, is a map of four contiguous groups, two of 
fluorescence and two of absorption, inserted to facilitate the compari- 
son of the green and white components as regards the location of the 
bands. Since the arrangement repeats itself from group to group, it 
is unnecessary to include the outlying regions toward the red and 
toward the violet. 
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TABLE 36.—Polarized series at —185° C. 
URANYL POTASSIUM CHLORIDE. 


Fluorescence. 


Green component. White component. 


1785.4 | 1797.9 1741.3 | 1771.9 

1820.5 | 1842.3 | 1858.1 | 1868.8 | 1881.7 | 1807.3 | 1826.2 | 1854.9 

1903.3 | 1926.0 | 1940.8 | 1953.5 | 1966.6 | 1891.4 | 1911.7 | 1938.5 
1975.5 | 1996.0 


Absorption. 


Green component. White component. 


2000.4 | 2114.2 | 2021.0 
2067.8 | 2184.8 | 2092.7 
2137.7 | 2257.8 | 2164.0 


2036.2 
2106.6 
2177.8 
2248.5 


Fluorescence. 


Green component. 


1744.6 1751.2 
1828.0 | 1843.5 | 1857.7 | 1783.6 | 1803.8 | 1810.1 | 1835.5 
1911.7 | 1928.2 | 1941.0 | 1868.1 | 1888.4 | 1894.1 | 1919.7 
1994.8 | 2012.5 | 2023.5 | 1952.4 | 1972.9 | 1978.2 | 2004.2 


Absorption. 


Green component. White component. 


2037.9 | 2044.2 
2063.0 | 2085.8 | 2094.9 | 2108.8 | 2115.5 | 
2066.0 ; 2077.6 
2135.5 | 2156.6 | 2166.5 ; 2148.6 
2138.4 : 2217.8 | 2233.1 
2205.1 | 2227.9 | 2238.6 : 2287.8 | 2302.8 
2359 .0 


1786.4 
1870.9 
1954.7 


1777.5 
1861.6 
1946.7 
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TABLE 36.—Polarized series at —185° C.—continued. 


URANYL RUBIDIUM CHLORIDE. 


Fluorescence. 


Green component. White component. 

B. C. D. A. B. (OF A. 
res CAG RA Oi Pera hatatee oh Bhar! ote Sistretencerovare | sro ayeeeeee ace VT SS AON | sis crannies, eval ererntoreverne 
1804.7 1828.8 1845.7 1874.8 USTQTAP EUSSin2n el S71 Oee® |maneeclere 
1887.9 1912.0 1929.9 1958.9 1895.9 | 1920.9 | 1962.3 |........ 
1971.4 1994.2 DAUR IS TZ lene ree LOCO F 2004 4Gia lieeeccrsae = lines orckacsete 

Absorption. 
Green component. White component. 

b c’ c Gil b c e e 
DOLGE OME ce ee eerste DOGO cles rt eeee art ticaae 2004381) 2030254] sa ee.cccs 
DULB IO | rctecce ees DUG US ltescee eee 2050. 45) 2076-271) 2100. 2252-2 se 
2187.2 2200.7 2207.5 2223.0 D222 |e ZI46.6 esis 2 Onl sat 

ataraneter sveistens PRYOR TE 2279.5 2294.1 219270) P2216. 3a|e. ee es eos 
Si evoiatohe vs etel| nis ae weet eens 2350.7 2362.9 22637 ON eros | trees eo OOsO 
kbc IOS Gl RRO 2420.5 2435.5 PBB SCL || PRIROD Ibanonasal ZEW) 
Seo One 2485.1 2491.3 ZOOL AM (te tcrs aol eae eue ce |Sraseereetoe | ea DO 
Oa Ue oiel lei reastere eusieks 2561.5 2576.3 DATSro lees Sela 252620" ececeres 
| a PA Foe! Ve ( OW) Wooo calle ocoobos 

d d’. a’ a 
DOUG ie ON orcetsrovercss QOS5GS Wee eteuererece ee 
DOSSEG =a ao Mecciosoisoss DVOS SA ern strese oer 
Oe ol eemeerte ia ayell er erospatereccietal eroes ceteris 
2229.2 2233 .9 2246.7 2254.3 

pHs tisiene\eisieie 2305-0 bases semis | eeoro.o 
2369.1 2375.0 ZBOLUBI iee scares arts 
2446.2 DAGS MLW i. sure entes 

Byers alets oie tetars 2515.4 2532.9 2537.4 


URANYL CSIUM CHLORIDE. 
Fluorescence. 


Green component. White component. 


1847.1 | 1852.3 | 1866.7 | 1878.0 | 1816.6 | 1841.3 | 1863.9 j 
1930.5 | 1935.8 | 1950.3 | 1962.1 | 1899.8 | 1924.6 | 1947.0 | 1963.1 
1997.4 | 2013.7 | 2019.0 1983.6 | 2007.8 
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TABLE 36.—Polarized series at —185° C.—continued. 
URANYL CESIUM CHLORIDE—continued. 


Absorption. 


Green component. White component. 


WO WO DOH O 


As in these spectra at +20°, so at —185° we find the D bands only 
in the green component, the B bands chiefly in the white component. 

In the white component, at both temperatures, B, C, and A lie 
toward the violet, E toward the red. At —185°, B is doubled in the 
uranyl ammonium chloride, D in the urany] chloride. 

To aid in the direct comparison of the spectra at the two tempera- 
tures, they are plotted together in figure 75, in which diagram may be 
seen the direction of the shift for each series of the two components. 

The shift is nearly always toward the violet, the only exceptions 
being the A, and ds series and possibly the A, series in uranyl potas- 
sium chloride (see fig. 74), the e, and eg series of uranyl ammonium 
chloride and the A, series of the latter salt. The change is greatest 
in uranyl cesium chloride and least in the potassium double chloride. 

In general the fluorescence bands shift in the same direction and 
by the same amount as the related absorption bands, but there are 
some puzzling exceptions to this rule to be considered in a following 
section. 

The increased resolution of the spectra upon cooling shows itself in 
the doubling of many bands which appear single at +20°, an effect 
particularly noticeable in the absorption spectra. (See plate 1, c.) 
Thus the co series of the potassium salt tends to double at 2,058.0 
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and becomes clearly double at 2,128.1 and 2,199.3. The dy and eg series 
of the same salt are doubled and the ba series of +20°, which was 
assumed from the relations of the spectrum to be an unresolved doub- 
let, is separated into a bw and an aw series at —185°. Other examples 
of doubling may be noted in the case of C,, co, a, and B,, of uranyl 
ammonium chloride, az, aw, and bw of the rubidium salt, and bu, D,, and 
dg of the cesium salt. 


URANYL RUBIDIUM CHLORIDE 
¢c c 


Fic. 74.—Polarized bands of fluorescence and absorption; four contiguous groups showing the 
relation between the green and white components at —185°. Dotted lines show computed 
positions of absorption bands; solid lines above the base indicate fluorescence, below the 
base absorption. 


ON THE FREQUENCY INTERVALS OF FLUORESCENCE AND ABSORPTION. 


During the preliminary study of the fluorescence and absorption of 
uranyl ammonium chloride described in Chapter V, the symmetry of 
the spectrum was such as to lead to the suspicion that the various 
homologous series would be found to have the same constant-frequency 
interval. The final tabulation of results, however, after many redeter- 
minations of what seemed to be discordant values, showed that while 
the departures from uniformity were in general scarcely larger than the 
errors of observation, they were to some extent systematic and indi- 


116 FLUORESCENCE OF THE URANYL SALTS. 


cated slightly different values for the various series. The C bands in 
particular, which were a composite of what in these later studies we 
have designated as C, and C,, of the polarized spectrum, were found 
to have an unquestionably smaller interval than the other series of the 
group. 

It will be seen from table 37 that this is true for both C, and Cy in 
the case of all four salts at +20° and that with the possible exception 
of A,, which is an exceedingly feeble component, visible only in two 
of the salts and very difficult of determination; all other series are very 
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Fig. 75. 


nearly of the same interval, not only in the same salt but in all the salts. 
When, however, we make further averages of the average intervals from 
table 37, taking the mean of all green components of fluorescence, 
then of all white components, for each salt separately, and do the same 
for the absorption intervals, we find an approach to systematic arrange- 
ment which is suggestive if not altogether conclusive. (See table 37.) 

Both components of the fluorescence spectrum show an average 
interval in the inverse order of the molecular weights, and while the 
absorption series do not give so decisive an indication the salts of lesser 
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molecular weight, NH, and K show again a longer interval than do Rb 
and Cs. Averaging by series affords no such direct indication as to 
differences of interval, as will appear from table 38. 

It will be noted that while the averages for the green and white com- 
ponents of fluorescence are in very close agreement at +20° and also 
at —185°, there is a difference of about 0.5 between the averages for 
+20° and those for —185°; also that the interval is greater for each 
individual series at —185° than at +20°, with the single exception of 
éw. This difference does not appear, however, in the case of the absorp- 
tion intervals. 

TaBLE 37.—Average frequency intervals, +20° C. and —185° C. 


Fluorescence series. 


Green component. White component. 


Bese etre etl antiy 82.9 | By...| 83.0 | 83.4 | 83.6 | 82.9 
€p.- 1 81.0-| 8278 [82-2 \S2-6c1 C,.. .|/ 82:1 | 82.9.|-83:3. |-32-6 
Tye LO Nee ibs cSon Lol Or SE ete lero nee aes 
E,....| 83.2 | 83.3 | 83.5 | 83.3-| B,..| 83.5 | 83.1 | 83.5 | 83.1 
Ay eet SOrd, | RSLS S82 1s ie. wee tae ct en 82.9 | 82.4 


Absorption series. 


(A ena a an Mal ak a 70.5 "Bp. \.71.5°| 731 70.4-1-70.8 
ae TAS OCT TU? | TONG fee es) 712870784970. 021 70.5 
P Pisce re Wee ar bagi RS ae kaka Roche Ricans Peart ht arene (ee 
bgcce 70.8 |'70.8!| 71.7.1. 71.0-| €...| 70.4.1'71-7 | 70.8 | 70.4 
Gp ce OTT NT leBale 2L0s 12008, ladon es 47d OU. TED he eOreo | V1.4 


Fluorescence series. 
Green component. White component. 


Series. 


84.1 | 83.2 | 83.6 
84.8 | 84.4 | 83.9 |.83.3 
84.4 | 83.9 
83.2 
84.4 | 84.1 


Absorption series. 


Series. 


71.3 | @1.3 | 70.8 |) 70.6 
69.8 | 70.6 | 70.3 | 70.7 


71.5 ‘}71.4 | 70.7 | 71.1 | 70.9 
70.9 | 70.6 
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TaBie 37.—Average frequency intervals, +20° C. and 185° C.—continued. 
General averages of intervals (by salts). 


Fluorescence. 


NHa. K. : Cs. 


Green +20° and —185°...| 83.60 | 83.25 | 83.25 | 83.19 
White +20° and —185°...| 83.78 | 83.43 | 83.42 | 83.16 


All fluorescence 83.69 | 83.34 | 83.33 | 83.17 


Absorption. 


Green +20° and —185°...| 70.99 | 71.07 | 70.96 | 70.74 
White +20° and —185°...} 71.02 | 70.96 | 70.55 | 70.70 


All absorption G1 00) | CL IOL |) On) CO. ce 


TaBLE 38.—General averages of intervals (by series). 


Fluorescence. 


On the other hand, differences so large are not to be regarded as 
errors of observation, it being possible to determine the average inter- 
val of any series, excepting possibly A, and A,,, which are very weak and 
rather vague, within about 0.2. It does not follow, however, that the 
bands are really thus irregularly placed. The discrepancies are due 
rather to the fact that resolution is not equally complete in all portions 
of the spectrum and that on cooling the crystal structure was more or 
less disturbed and the polarization always much less complete. The 
anomalous values above 84 frequently observed at —185° (see table 
37) are probably due to varying components of the opposite polar- 
ization superimposed on the bands in question and producing a false 
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shift. Thus, for example, the position of C, would be modified by the 
presence of the overlapping of D, or C,; D, by C,, etc. In short} it is 
probable that if observations could be had on crystals which at —185° 
preserved their structure, the difference in interval between +20° and 
—185° would disappear. 


THE INFLUENCE OF MOLECULAR WEIGHT UPON THE POSITION OF BANDS. 


While some doubt may be felt as to the validity of the suggestion, 
based upon the averages presented in the foregoing paragraphs, that 
there is a relation between frequency intervals and the molecular 
weight, there can be no question as regards the influence of molecular 
weight upon the position of the bands. 


Fia. 76. 


If we select a typical region in the spectrum and arrange the bands 
belonging to a single group as in table 39, we find a general drift of the 
various bands toward the violet as we pass from salt to salt in the 
order K, NHg, Rb, Cs. 
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The same drift occurs quite systematically throughout the entire 
fluorescence and absorption spectrum, as may be seen from figure 76. 
In this chart such of the fluorescence and absorption series as are 
present in all four salts at +20° are plotted on the frequency scale. 
The solid lines represent observed fluorescence bands; the dotted lines 
represent observed absorption bands; no hypothetical values are 
indicated. The order of the salts is the same as in table 39 and follows 


TABLE 39. 


Green polarization, 185°. White polarization, 185°. 


1842.3 | 1940.8 | 1868.8 | 1891.4 | 1911.7 | 1854.9 | 1870.9 
1843.5 | 1941.0 | 1868.1 | 1894.1 
1845.7 1874.8 | 1895.9 
1852.3 | 1950.3 | 1878.5 | 1899.8 | 1924.6 | 1862.5 | 1879.9 


that given by A. E. Tutton in his Treatise on Crystalline Structure and 
Chemical Constitution (London, 1916). He found for both single and 
double salts of the alkali metals that several of their optical properties, 
such as refractive index, etc., follow the order of the molecular weights, 
but that in the ammonium salts the NH, radical often acts as if it were 
much heavier than the combined weights of its components would 
indicate, so that its position is quite close to rubidium and sometimes 
on the side toward cesium. It will be observed that there are several 
examples of this in figure 76, particularly in the case of the C, series. 


SUMMARY. 


(1) The four double chlorides, uranyl ammonium chloride, uranyl 
potassium chloride, uranyl rubidium chloride, and uranyl cesium chlo- 
ride, crystallize in the triclinic system. The crystals are pleochroic 
and their fluorescence spectra and absorption spectra are polarized. 

(2) The spectra differ from those of other uranyl compounds thus 
far examined in that both in the fluorescence and absorption regions 
each band is resolved at +20° C. into a group of five bands forming 
homologous series of constant frequency interval. 

(3) The structure of the fluorescence spectrum is essentially the 
same in the different salts, the spacing of the bands of each group 
repeating itself in the successive groups, excepting in the reversing 
region, the appearance of which is modified by the overlapping of 
fluorescence and absorption. 

(4) Each of the five bands which constitute a group is a doublet, the 
two components of which are polarized at right angles to one another. 

(5) The frequency interval is the same or nearly the same for each 
series in a given salt. 
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(6) Variations in the average interval for the four salts are scarcely 
greater than the errors of observation, but there are indications of a 
very slight decrease of interval with increase of molecular weight, and 
this applies alike to fluorescence and absorption series. 

(7) The position, in the spectrum, of a given band varies slightly but 
~ systematically with the molecular weight of the salt. The order of 
diminishing wave-lengths is K, NH,, Rb, Cs; the shift from K to Cs 
being of the order of 54. vu. This shift is in the same direction—from 
red toward violet—for all the homologous series and of the same size 
within the errors of observation. 

(8) Cooling to the temperature of liquid air produces the usual 
narrowing of bands, apparent shifts of position, and apparent changes 
of interval, all of which changes are explained by the relative enhance- 
ment or diminution of components of the bands. 


VII. THE NITRATES AND PHOSPHATES; INFLUENCE OF 
WATER OF CRYSTALLIZATION AND OF CRYSTAL FORM. 
I. URANYL NITRATE AND EFFECT OF WATER OF CRYSTALLIZATION. 


The spectra of the different uranyl salts are so similar in their general 
characteristics that we can scarcely doubt that the nature of these 
spectra is chiefly determined by the radical UO.. Apparently the 
uranyl radical contains a group of electrons whose arrangement is 
such as to permit of vibrations that give this type of spectrum; and 
although UQ, is not stable in the chemical sense and must be com- 
bined with some acid in order to form a stable compound, yet the 
effect of the acid radical is merely to modify the constants of this 
vibrating system in the UO, radical without changing the type of 
vibration. 

It is natural to expect that the addition of water of crystallization 
would produce a similar effect, and it is our intention to present in this 
section of Chapter VII the results of a study of the influence of water 
of crystallization upon the fluorescence and absorption spectrum in 
the case of uranyl nitrate. The nitrate is particularly suited for such 
an investigation because of the fact that several different hydrates are 
formed. The crystals grown from a water solution contain 6 molecules 
of water. In an acid solution crystals are formed with 3 molecules of 
water. In both cases crystals may be obtained which are large enough 
to permit of observations being made with a single crystal. By methods 
described later, small crystals containing only 2 molecules of water are 
readily obtained. It is a matter of some difficulty to push the dehy- 
dration further, but specimens have been prepared for us by Mr. 
D. T. Wilber which we have reason to believe are either anhydrous or 
formed of a mixture of the anhydrous salt and the monohydrate. 

The fluorescence of the nitrate, like that of the other urany] salts, 
with the exception of the double chlorides, the resolution of the bands 
of whose spectra into groups of five at +20° has been described in 
Chapter VI, is unresolved at ordinary temperatures. Careful spectro- 
photometric measurements of what appear to be unresolved bands 
reveal, however, indications of overlapping components, as has already 
been shown in Chapter III. 

At the temperature of liquid air the resolution into narrow bands 
characteristic of the uranyl spectra in general takes place, and it is to 
these resolved spectra that the following discussion refers. 

In the case of the hexahydrate, wave-lengths were in most cases 
determined photographically. Visual observations, however, were 
also made, although these could not be extended throughout the whole 
spectrum. The agreement between measurements made by the two 
methods was surprisingly good. In the case of weak bands lying near 
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to bands of great intensity the visual observations were found to be 
best. The results given for the fluorescence spectra of other hydrates 
and for the anhydrous salt are based upon visual observations exclu- 
sively. 

Tuer HEexanypraTEe: UO.(NO;)2+6H20. 

The hexahydrate crystallizes in the rhombic system with the axial 
ratio a:b: c=0.6837: 1:0.6088. The crystals were grown in the form of 
plates by using a water solution whose depth was equal to the thick- 
ness of the plate desired. Single crystals as large as 15 mm. in diameter 
were obtained with relatively little difficulty. All of the results here 
discussed are based upon observations made with single crystals. 

In selecting the data to be used in taking a final average, each nega- 
tive was carefully studied and measurements that seemed for any 
reason doubtful were discarded. The elimination of doubtful observa- 
tions was made without reference to the agreement or lack of agree- 
ment between the different measurements, and was, in fact, completed 
before the measurements of the different negatives were compared. 
About 40 negatives were used, although the number for any one line 
was rarely more than 10. 

The errors of calibration of the spectrograph and spectrometer can 
hardly exceed 1 A. v., except perhaps in the extreme red end of the 
spectrum. The uncertainties due to the faintness of certain bands, to 
their finite width, and to photographic broadening are more difficult to 
estimate and undoubtedly differ greatly with the character of the band 
and its position in the spectrum. In the case of the sharper bands of 
moderate intensity we feel that the averages that are here tabulated 
are reliable within 1 A. vu. In other words, the reciprocal wave-lengths 
are accurate to within about 0.02 per cent. For the faint or hazy bands 
the possible error is undoubtedly much greater. 

Of the 55 fluorescence bands observed, 46 can be arranged in 9 series, 
as tabulated below, the frequency interval being nearly constant in 
each series. Two of the remaining bands have the same interval, and 
apparently form part of a series whose other members were too weak 
to detect. The 7 bands that do not fall in any series arrangement are 
all extremely weak, and since in most cases they are recorded only once, 
their existence is subject to considerable doubt. Estimates are given 
in table 40 of the intensities of the different bands and of the reliability 
of the measurements. In some cases the series seem to extend into the 
region of absorption, and in such cases the absorption bands that seem 
to form part of the series are also given. 

The data for series B, D, E, and F, which are made up of the stronger 
bands and those of medium intensity, are undoubtedly the most reli- 
able. The values of the average interval between bands in these series 
are 86.0, 85.8, 85.9, and 86.1 respectively. In taking these averages, 
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the first band in the case of series D and E has been left out of con- 
sideration on account of its relative uncertainty. For the other series 
the interval, although less certain, has nearly the same value. It will 
be noticed that there is nothing to indicate any change in the interval 
as we pass from the longer to the shorter waves. 


TaBLE 40.—Series in the fluorescence spectrum of uranyl nitrate hexahydrate 


[UO.(NO3)2+6H,20]}. 
Inten- | Relia- a ps Inten- | Relia- a3 a 
sity.! | bility.? r AX sity.} | bility.? nN Ar 
v. d. 2 F/1760 s14 pose ees m. 1241), RE1G32. 31 naneee 
Al| v4 1 1846.0 | 85.9 d. 3 1718.4 | 87.1 
d. 2 1930.1 | 84.1 m. 4 1803.6 | 85.2 
m. 4 F 2018.2 | 88.1 m. 5 1889.6 | 86.0 
m. 5 1976.4 | 86.8 
v. d. 3 168005 4| 2. eee F d. 4 F 2061.9 | 85.5 
d. 3 1775.0 | 85.5 
B m. 4 1861.1 | 86.1 m. 4 A 2061.7 acne 
m. 5 1947.1 | 86.0 m. 4 A 2148.7 | 87.0 
str. 5 F 2034.5 | 87.4 m. 4 A 2234.1 | 85.4 
d. 3 A 2207.3 | 86.42 str. 3 A 2321.0 | 86.9 
| v.d. | 1 | A 2491.9 | 85.5x2 
d. 3 HAG9O On| Se eniee 
d. 2 1785.1 | 86.1 d. 3 F1810.40 oe cee 
6, d. 2 1869.0 | 83.9 G d. 4 1897.3 | 86.9 
v. d. 1 1956.2 | 87.2 vy. d. 2 1983.1 | 85.8 
m. 2 2041.5 | 85.3 d. 1 A 2241.6 | 86.23 
v. d. 1 W1534.9)|\s ctr v. d. 2 BitG49.7il ea eee 
d. 3 1621.0 | 86.1 vy. d. 2 1737.4 | 87.7 
m. 4 1706.8 | 85.8 H d. 1 1822.0 | 84.6 
D str. 5 1792.5 | 85.7 m. 4 1906.7 | 84.7 
str. 5 1877.8 | 85.3 m. 4 1993.4 | 86.7 
str. 5 1963.6 | 85.8 
d. 3 2050.0 | 86.4 I { v. d. 2 1526: Oylecneteeee 
vy. d. 2 1911.7 | 85.7 
v.d. 1 RRA |e 
d. 2 1629.2 | 89.1 d. 3 E1665) Sell ane 
m. 3 1715.0 | 85.8 m. 3 1751.8 | 86.3 
str. 5 1800.0 | 85.0 d. 3 1837.8 | 86.0 
E str. 5 1886.1 | 86.1 J m. 4 F 1923.1 | 85.3 
str. 5 1972.5 | 86.4 
str. 5 F 2058.5 | 86.0 d. 4 A 2268.3 | 86.3X4 
d. 1 A 2440.2 | 86.02 
m. 5 IN20586 lnc eee 


1Estimated. Str., strong; m., medium; d., dim; v. d., very dim. 

2The most reliable results (as indicated by the number and consistency of the individual 
measurements, the appearance of the negatives, etc.) are marked 5; the least reliable by 1. 

3 The unit in which 1/) is expressed is such that for A=5,000 £4. vu. 1/d is written 2,000. 

In a spectrum consisting of so many bands, the occasional repetition 
of any given interval between bands is to be expected, even if the bands 
are distributed at random. It is proper to inquire, therefore, whether 
this interval of about 86.0 really occurs more frequently than would be 
expected for a random distribution. Data bearing on this point are 
plotted in the upper curve of figure 77. In this curve horizontal dis- 
tances indicate the lengths of different possible intervals between 
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bands, while ordinates give the number of times each interval occurred. 
The range of possible error in the location of each band is arbitrarily 
assumed to be 2 units. Thus for a frequency interval 32 (abscissa) the 
ordinate is 10. This means that 10 pairs of bands were found for which 
the interval lay between 31 and 33. 

It is evident from the chart that certain intervals occur with much 
greater frequency than would be expected if the bands were distributed 
at random, and this is most conspicuously true of the interval 86. It 
will be noted that the curve also shows lesser maxima for several other 
frequency intervals: e. g., 8, 16, 70, 78, and 94. These intervals corre- 
spond to the spacing of the bands in the successive groups which make 
up the spectrum. 

On account of the fact that large, clear [ U02(Ns)e+ 6H20 
crystals could be obtained, the hexahydrate 
offered an especially favorable case for the 
study of the absorption spectrum. Cbser- UO2(NOs)2 + 3H2 0 
vations were made with a number of dif- 
ferent crystals ranging in thickness from a 
few tenths of a millimeter to 3 or 4 mm. 
The averages given in table 41 are in many UOz(NOs)2 + 2H20 
cases based upon 15 or more independent Uiinvn\{ 
measurements. In the case of the band at 
2,148.7, for example, 17 measurements of 
wave-length were made, of which 3 were 


5 ; UO2(NO3s)2 + 6H O 
discarded because of the unsatisfactory rede Test 
character of the negatives. In the 14 ewer 
measurements used in forming the average, 


the reciprocal wave-length ranged from 
2,147.8 to 2,149.6, most of the values lying bands. Abscissa show the in- 


Fie. 77.—Frequency of occurrence 
of different intervals between 


tervals (1 division=10); ordi- 
close to the average. In other cases the Sates chawthe camber Option 


wave-length is much more uncertain. The the interval occurs (1 division 


extremely faint bandat 2,536.4, for example, OF 

was observed on only two negatives, while the dim, broad band at 
2,720.3 was observed only once. The reliability of the recorded average 
has been estimated in each case and is indicated in the table. 

A study of the absorption spectrum shows that an interval of about 
71 between bands is of relatively frequent occurrence. (See the lower 
curve, fig. 77.) In several instances definite series exist with this con- 
stant interval. The values of 1/) for the bands forming these series are 
given in table 41. 

The two series e and f begin with reversible bands. Thus, the first 
band of series e, at 1/A=2,058.6, can not be distinguished in position 
from the last band, 1/A=2,058.5, of the fluorescence series E, while the 
first band, 1/A = 2,061.9, of series f is coincident with the band 2,061.7 of 
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Tasie 41.—Series in the absorption spectrum of uranyl nitrate hexahydrate 


[U02(NO3)2+6H.20]. 
F Inten- | Relia- 1 1 Inten- | Relia- 1 ut 

Series sity. | bility. Ne AX Series. sity. | bility. NG AN 
{ v.d. 2 S197 eae m. 5 DAV By ga tae aoe 
c str. 4 2200.4 | 73.2 str. 5 2219.2 | 70.5 
( d. 5 2272.3 | 71.9 i str. 4 2290.2 | 71.0 
[2053.4] m. 4 2359.4 | 69.2 
v.d. 4 2125.0 | 71.6 m. 4 2430.1 | 70.7 
d. 2 2196.8 | 71.8 d. 4 2500.0 | 69.9 

d. 4 2268.3 | 71.5 af 
d’ str. 3 2340.4 | 72.1 d. 5 D164 NOM See 
m. 3 2412.0 | 71.6 d. 4 2235.4 | 71.4 

str. 3 2484.1 | 72.1 a 
str. 3 2555.3 | 71.2 str. 4 D301 Onna 
m. 3 2390.0 | 69.0 

str. 5 | [2058.5]|...... 
m. 5 2058.6 |...... eh str. 2 DAGAL Ss |e 
é str. 4 DIST 272.6 str. 4 2533.2 | 68.9 
m. 4 2203.8 | 72.6 

d. 4 2277.8 | 74.0 5 str. 4 TAINS |e neces 4 
str. 4 2623.3 | 70.5 
d. A: | [2061 Ol leet d. 2 2695.0 | 71.7 

f m. 4 206187 a{ 
str. 5 2134.1 | 72.4 d. 3 OREO a eens 
m. 4 2207.3 | 73.2 m. 4 2630.5 | 71.0 


fluorescence series F. There is some indication that several other 
absorption series may be looked upon as associated with fluorescence 
series in the same way. Thus the series a may perhaps be associated 
with a very weak fluorescence series falling between D and E. Two 
bands of such a series were occasionally observed at 1,968.0, and 
2,053.4 (interval 85.4). The interval between the line at 2,053.4 and 
the first line of series a is 70.6, which is almost exactly the average 
interval for the absorption series. Again, in the case of series h we 
might expect an absorption band to fall at 2,078.7, while series H might 
have a fluorescence band at nearly the same point, viz, 2,079.3. Neither 
band was observed; but it must be remembered that the detection of 
reversible bands is only possible when the conditions of excitation are 
suitable. Any trace of fluorescence tends to mask an absorption band, 
and vice versa. The scarcity of bands, either of fluorescence or absorp- 
tion, in the ‘‘reversal region”’ lying between 2,060 and 2,120 is perhaps 
due to this cause. There are other cases which suggest the same rela- 
tionship between fluorescence and absorption series, although less 
definitely. 

While there are thus strong reasons for believing that certain flyuores- 
cence series are to be looked upon as associated, in the manner indi- 
cated above, with absorption series, yet there are several series in the 
fluorescence spectrum for which no related absorption series have been 
observed; and, on the other hand, there are several absorption series 
which do not appear to be related with the observed fluorescence. In 
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this respect the systematic relation of fluorescence and absorption is 
not so completely brought out as in the spectra of the chlorides. 
The observed intervals between bands are not so nearly constant in 


4 the case of the absorption series as in the fluorescence series. It seems 
~ to us probable that this is due to the greater uncertainty in the wave- 


length determinations; for on account of the lack of sharpness of the 
absorption bands and their greater width, as compared with fluorescence 
bands, the accuracy that is attainable in determining their location is 


. considérably less than in the fluorescence spectrum. 


It will be noted also that the interval between bands is Ailtosut for 
different series. For series e the average interval is 73.1; for series d’ it 
is 71.7; for series h, 70.3; while for the two pairs of lines in the ultra- 
violet, which have been designated as series 6 and y, the interval is in 
one case 69.0 and in the other 68.9. This change in interval as we pass 
from one series to another, which is too great to be accounted for by 
experimental errors, appears of especial significance when it is remem- 
bered that in the fluorescence spectrum the interval is the same for all 
the series. 

One of the most puzzling points brought out by the detailed study of 
the observed spectra is the fact that a considerable number of the 
absorption bands are spaced with the interval corresponding to the 
fluorescence series, and in some cases appear to form a continuation 
of these series. In such cases the reciprocal wave-lengths for these 
bands are included in table 40, but are preceded by the letter A. Thus, 
there are four absorption bands, in addition to the reversible band, 
which apparently belong to series F. If it is assumed that they do 
form a part of this series, the average interval for the whole series comes 
out exactly the same as for the fluorescence bands alone. Series J 
appears to include two absorption bands, and series B, E, and G each 
show one band. On the whole, however, we are inclined to look upon 
these cases as the result of accidental coincidences and to believe that 
the fluorescence series do not extend into the absorption region beyond 
the reversible band. 

The interval of about 70, which appears to be characteristic of the 
absorption spectrum, is also found in the fluorescence spectrum. Thus 
the bands of series C are displaced from those of series E by intervals 
ranging from 69.0 to 70.2. A similar relation appears to exist between 
series J and series H, the average displacement being 70.1. Between 
series B and A the average shift is 70.6, between series F and H, 68.1, 
between series D and B, 69.1. With the exception of series I the series 
thus seem to be grouped in pairs, the interval between pairs being in 
the neighborhood of 70. It seems not unlikely that a companion series 
exists for I also, since faint bands were occasionally observed at 1,826.0 
and 1,911.7 (interval 85.7) which are displaced by the intervals 71.3 
and 71.4 from the corresponding bands of series I. 
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Tue TRIHYDRATE: UO2(NO,;)2+3H20. 


The trihydrate crystallizes in the triclinic system with the axial 
ratios a:b: c=1.2542 : 1: 0.70053... The crystals were grown by 
evaporating the nitric-acid solution in a desiccator over caustic potash 
and sulphuric acid or over calcium chloride. To obtain large crystal 
plates the bottom of a dish 6 cm. in diameter was covered with the 
solution to a depth of about 2 mm. and the solution was ‘‘seeded”’ 
near the center. A cover was then placed over the solution with a 
small opening at the center, so that evaporation took place directly 
over the crystal. The trihydrate was also obtained in the form of a | 
fine powder by efflorescence of the hexahydrate crystals in dry air. 
Although most of the observations recorded below were made with 
single crystals, a few measurements were made, with concordant results, 
on the powder. In the fluorescence spectrum visual observations only 
were made. In the absorption spectrum the measurements were in 
most cases photographic. 


ANHYDROUS 


19150 19°00 
Fic. 78.—One group of bands from the fluorescence spectrum of each of the salts studied. The 


spectrum of the hexahydrate contains 7 such groups; that of the trihydrate, 6; the dihy- 
drate, 5; and the anhydrous salt, 3. 

The fluorescence spectrum of the trihydrate was found to consist of 
63 bands, of which 55 fell into 12 constant-interval series of from 3 to 
6 bands each. The intervals for the different series ranged from 86.5 
to 87.5, the average being 86.8. The reciprocal wave-lengths are given 
in table 42. The numbers in parentheses refer to absorption bands 
which seem to fall into the fluorescence series. The relative intensities 


lWyrouboff. Sur quelques composés del’uranium, Bull. Soc. Francaise Mineral, 32, 349-350. 1909. 
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of the bands are shown roughly in figure 78, where a typical group, 
?. e., one band from each series, has been plotted for each of the salts 
studied. 


Tasuy 42.—Series in the fluorescence spectrum of uranyl nitrate trihydrate, UO2(NO3)2+3H,20. 


1677.0, 1765.0, 1851.5, 1938.8, 2025.0, (2112.7, 2200.2). 

. 1686.1, 1772.0, 1858.7, 1945.7, 2033.2, (2120.7). 

. 1778.7, 1865.1, 1952.9, 2041.1, (2041.1). 

. 1699.8, 1785.9, 1873.0, 1959.1, 2046.8, (2134.0, 2220.6, 2307.9). 
1704.2, 1791.8, 1877.4, 1965.3, 2051.0. 

1629.2, 1715.2, 1802.1, 1889.0, 1976.4, 2064.3? 

1637.2, 1722.8, 1808.7, 1895.3, 1982.3, 2070.7. 

1643.9, 1729.2, 1816.1, 1903.0, 1989.9, 2076.3, (2076.5, 2251.2). 
1821.3, 1908.9, 1995.9, (2083.8). 

1741.8, 1828.2, 1915.9, 2002.1, (2089.7). 

. 1748.6, 1835.3, 1923.3, 2009.8. 

- 1667.2, 1755.0, 1842.4, 1930.1, 2017.4, (2103.5, 2189.2, 2277.9). 


PAROS ROOD Pp 


The second curve of figure 77, which shows the frequency of occur- 
rence of the different possible intervals between the bands of the fluores- 
cence spectrum, indicates a remarkably regular grouping of the bands. 
Besides the principal interval 87 which is characteristic of the series in 
this spectrum, a number of other intervals are almost equally promi- 
nent, e. g., 7, 14, 30, 36, 43.5, 50, 80, 94. In the case of each of these 
intervals the frequency of occurrence is far above the average. These 
intervals, of course, correspond to the spacing of the bands in the 
groups. Thus the interval 43.5, which is just half the principal interval 
87.0, occurs twice in each group, the bands of series K lying half-way 
between the bands of series F and the bands of series L half-way 
between those of series G. In each case the two series might be com- 
bined to form a single series with half the interval. Since, however, 
the bands of the combined series would be alternately strong and weak, 
it does not appear that such a combination is justified. 

In the absorption spectrum of the trihydrate, 48 bandswere observed, 
several of which, however, were so faint and indistinct as to make their 
existence doubtful. As in the case of the hexahydrate, an interval 
between bands of a little more than 70 is of frequent occurrence, and 
37 of the bands (including all that are strong and well defined) can be 
arranged in 9 constant-interval series. The interval does not appear 
to be the same for all of these series, however. In one case the interval 
is as high as 73.8, while in another case its value is 71.0. For most of 
the series the interval lies near 72.0. 

In many instances the absorption series start with reversed fluores- 
cence bands. Reversals are especially sharp and definite in the case of 
the final bands of series C, G, H, and I (1/A=2,041.1, 2,070.7, 2,076.3, 
2,104.9). In other cases, the absorption series begins at a point where 
a fluorescence band might be expected, but where none was actually 
observed. Thus, we should expect the final bands of series I, J, and K 
to lie at 2,082.7, 2,009.0, and 2,096.6 respectively. These bandswere not 
observed, probably because of the fact that the three series in question 
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are made up of very faint lines. But the first bands of the absorption 
series 2, 7, and k fall at 2,083.8, 2,089.7, and 2,095.6, and it would seem, 
therefore, that they might properly be looked upon as resulting from 
the reversal of the final bands of the corresponding fluorescence series, 
even though these bands escaped observation. 

The reciprocal wave-lengths for the principal absorption series are 
given in table 43. Each series is lettered in such a way as to indicate 


TABLE 43.—Series in the absorption spectrum of uranyl nitrate trihydrate [UO2(NO3)2+3H20]. 
6b B= 2033.2 b = (2033.2) 2107.0 2180.8. 
C= 2041.1 c= 2041.1 2112.7 2186.7. 
= c= 2043.3 2116.0 2189.7 2261.0. 
: f’= 2057.6 2129.0 2200.2 2271.7. 
G = 2070.7 g = 2071.7 2142.7 2213.2 2285.7 2357.9. 
: h= 2076.5 2148.6 2220.6 Rieter 2368.0. 
=(2082.7) 1= 2083.8 2154.5 2226.9 2297.8 2368.0. 
J =(2090.0) j = 2089.7 2162.0 2235.4 2307.9. 
K =(2096.6) k = 2095.6 2166.7. 
‘=? v= 2103.0 2173.4 2245.7 2317.5 
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the fluorescence series with which it appears to be related, e. g., the 
first band of series c is the reversal of the last band of series C. In 
each case also the reciprocal wave-length is given for the last band of 
the fluorescenceseries. Thenumbers in parentheses indicate bands that 
were not observed, but would be expected to occur with the indicated 
value of 1/X. 

It is to be observed that no absorption series were found which corre- 
sponded to the fluorescence series A, D, EH, and L. On the other hand, 
no fluorescence series were observed to correspond with the absorption 
series c’ and l’. 

Tue DinypRaTE: UO2(NO;)2+2H20. 


Although the dihydrate has been made by several observers, the 
crystalline form does not appear to have been studied. The crystals 
used in this investigation were in most cases made by heating a tube 
containing the crystallized trihydrate to a temperature somewhat 
above 100° C. and passing through it a current of air which had been 
run through a mixture of sulphuric acid and nitric acid and over 
phosphorus pentoxide. The melted trihydrate slowly evaporated and 
recrystallized as dihydrate without losing nitric acid. The tube was 
then sealed up to prevent the entrance of moisture. The dihydrate 
was also prepared synthetically by treating dry H,UQ, with the 
‘‘monohydrate”’ nitric acid, the two being sealed in a glass tube and 
allowed to react. The crystals obtained were in each case small, so 
that the observations were made on a mass of crystals having no 
systematic arrangement of the axes. 

Seventy-four bands were observed in the fluorescence spectrum, 61 
of which fell into 12 constant-interval series of from 4 to 6 bands each. 
The interval ranged from 87.6 in series F to 88.3 in series A, but in 
most cases lay near the average of all, viz, 88.1.1. The values of 1/A 


1 For series C, which contained two bands only, the interval was 87.2. 
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are given in table 44, and a typical group, consisting of one band from 
each series, is shown in figure 78. Many of the bands that do not fall 
into these 12 series nevertheless seem to belong to similar series of 
which only 2 or 3 bands could be detected. Two of these suspected 
series have been included in figure 78, where they are indicated by 
dotted lines. 


Tas e 44.—Sertes in the fluorescence spectrum of uranyl nitrate dihydrate [UO2(NO3)2+2H.0}. 


1676.7 1765.9 1853.0 1942.7 2030.7 

1684.9 1773.7 1861.6 1951.0 2037.9 

1780.6 1867.8 

1609.0 1695.5 1783.5 1871.8 1959.7 2047.4 

1618.9 1705.9 1794.4 1880.3 1967.5 

1625.3 1714.3 1801.5 1889.5 1977.1 2063.1 

1632.7 1721.2 1808.5 1896.8 1985.2 2072.5 (2072.7) 
1637.7 1725.3 1814.6 1900.8 1989.7 2077.3 (2078.2) 
1641.5 1729.8 Aisi O00 1905.1 1993.8 

1645.3 1734.6 1821.2 1909.0 1998.4 

1830.5 1918.3. 

1658.4 1745.5 1834.9 1923.8 2009.3 (2095.9) 

. 1751.0 1838.2 1926.8 2015.5 (2102.7 2191.3 2278.0) 
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The absorption bands were located by observing the spectrum of 
light from a continuous source after diffuse reflection from a mass of 
small crystals. Although the bands observed in this way are sur- 
prisingly sharp, the method is not so satisfactory as that in which the 
light is analyzed after direct transmission through a single crystal. 
It is doubtful whether the reflection method gives as great accuracy 
in the location of the bands, and many of the weaker bands, which 
would have been easily detected if large crystals had been available, 
were probably not observed at all. For this reason, perhaps, the 
absorption spectrum of the dihydrate shows only four well-defined 
series. The reciprocal wave-lengths for these series are given in table 
45. The interval between bands is 70.0 for series m, 70.4 for series J, 
and 71.3 for series g and h. In each case the first band in the absorp- 
tion series occupies nearly the same position as the last band in one 
of the fluorescence series. 


TaBLeE 45.—Series in the absorption spectrum of uranyl nitrate dihydrate [UO2(NO3)2+2H20]. 


G= 2072.4 g= 2072.7 2144.7 2215.3. 

H= 2077.3 h= 2078.2 2149.4 2218.9 2290.4 2362.9 
J= (2085.7) j=(2086.1) 2156.6 2227.2 2297.3. 
M=(2103.6) m= 2102.7 2172.7 2242.7. 


Tur ANHYDROUS NITRATE. 


Specimens of uranyl nitrate that were in all likelihood anhydrous, 
and which certainly contained less water than the dihydrate, were 
prepared by allowing nitric anhydride, N2Os», to react with uranic oxide. 
The nitric anhydride was distilled from a mixture of nitric acid and 
phosphorus pentoxide, while the uranic oxide was prepared by heating 
uranic acid, H,UQO,. In preparing the oxide, the heating was not con- 
tinued so long as to completely drive off the water from the uranic 


132 FLUORESCENCE OF THE URANYL SALTS. 


acid, since when this was done no reaction occurred between the oxide 
and the nitric anhydride. 

At temperatures above 30° C. the N2O, reacts with the mixture of 
UO; and H,UO, to form uranyl nitrate, presumably anhydrous, and a 
considerable amount of HNO;. To free the specimen from acid, the 
tube containing it was placed in a freezing mixture until the N2O; was 
frozen, when the HNOs, which still remained a liquid, was poured off. 
This process was repeated several times. While the amount of water 
remaining after this treatment must have been extremely small, we 
cannot feel certain that all traces were removed, and it is possible, 
therefore, that the nitrate formed may have consisted in part of the 
monohydrate. No fluorescence bands belonging to the other hydrates 
could be observed. The method of preparation was varied by changing 
the temperature at which the reaction was allowed to occur, and by 
heating the salt, after it had been formed, to different temperatures 
and for different periods. 

The fluorescence spectra of the different preparations differed widely. 
In one case the spectrum was found to consist of 3 narrow bands only, 
but in all other cases bands were observed which remained broad 
(about 100 A. v.) even at the temperature of liquid air. These bands 
were spaced with a constant-frequency interval of approximately 88 
to 89. It seems probable that these broad bands were due to the 
solution of the anhydrous salt in nitric acid. To test this point a 
specimen was prepared under conditions which made certain the 
presence of a considerable excess of nitric acid. The fluorescence 
spectrum contained two series of broad bands, the central band of the 
stronger series lying at 1/A=1,939.0 and that of a weaker series at 
1/A=1,920.0. The specimen was then gently heated and the nitric 
acid driven off was condensed in a connecting-tube. After this process 
had continued for a short time, several series of narrow bands or lines 
appeared in the fluorescence spectrum (at —186° C). As this pro- 
cedure was repeated, the line spectrum became more prominent and the 
broad bands fainter. In one instance the specimen was heated nearly 
to decomposition—in fact, part of the salt was undoubtedly decom- 
posed—and in this case the very faint fluorescence spectrum consisted 
of three narrow bands only. The same three bands were observed in 
the case of most of the specimens that were prepared in the attempt to 
remove the water of crystallization, although in other cases they were 
accompanied by other lines or broad bands. It seems probable that 
these three bands constitute the brightest part of the fluorescence 
spectrum of the anhydrous salt, and that the additional lines and bands 
that were observed in some specimens are due to traces of the mono- . 
hydrate or to a solution of the nitrate in HNO. The three bands 
formed a series with the interval 88.5, the central band lying at 
1/X= 1,902.0: 
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SUMMARY OF SeEcTIon I. 


(1) In the case of each of the nitrates, the fluorescence spectrum is 
made up of series in which the intervals between bands are constant and 
the same for all of the series. The interval increases slightly, but 
unmistakably, as the amount of water of crystallization decreases. For 
the hexahydrate the interval is 86.0, for the trihydrate 86.8, for the 
dihydrate 88.1, and for the anhydrous salt 88.5. 

(2) Numerous constant-interval series occur in the absorption spec- 
trum, the interval being approximately 71. But the interval does not 
appear to be the same for different series, even when these occur in the 
spectrum of the same salt. No systematic variation with the amount 
of water of crystallization could be detected. 

(3) Nearly all of the series in the absorption spectrum have their 
origin in the ‘“‘reversing region,”’ the first member of the absorption 
series being in coincidence with the last member of a fluorescence series 
and constituting a ‘‘reversible’”’ band. 

(4) There is some slight resemblance between the different hydrates 
as regards the grouping of the bands (see fig. 77). In each case, for 
example, a certain short interval appears with a frequency consider- 
ably above the average. In the case of the hexahydrate and the 
dihydrate this interval is about 8; in the case of the trihydrate is almost 
exactly 7. The interval 14, in the case of the trihydrate, and 16, in the 
ease of the other two salts, is also of unusually frequent occurrence. 

(5) It is clear from inspection of figure 78, in which a characteristic 
group of bands is shown for each of the hydrates studied, that the 
different spectra are not in the least similar in their general appear- 
ance. It might at first appear that the three hydrates have one series 
in common, viz, that designated as series F. But while the central 
band of this series does occupy practically the same position in each of 
the three spectra, the fact that the interval between bands is different 
for the different salts causes the bands to fall more and more out of 
step as we proceed in either direction from the center of the spectrum. 

On the whole, the spectra of the different hydrates differ from one 
another fully as much as do the spectra of two different uranyl] salts. 
This result is surprising, since it is customary to think of water of 
crystallization as rather loosely attached and therefore incapable of 
exerting a great influence upon properties which depend upon the 
internal structure of the molecule. Indeed, were the amount of water 
of crystallization the only difference between the forms of uranyl 
nitrate under consideration, we should look upon the attachment as 
more intimate than has generally been supposed. 

There is, however, another distinction, that of crystalline structure, 
and, as will appear from the subsequent sections of this chapter, the 
crystal form has a profound influence upon the character of the fluores- 
cence and absorption spectra of the urany] salts. 
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II. THE DOUBLE NITRATES: INFLUENCE OF CRYSTAL FORM! 


There is good reason to think that crystal form has an important 
bearing upon the structure and arrangement of fluorescence spectra. 
The polarized spectra of the four double uranyl chlorides, described 
in Chapter VI, are almost identical in arrangement and in the absolute 
position, relative intensity, and resolution of their bands. These sub- 
stances all crystallize in the triclinic system. Further evidence bearing 
upon this subject will be found in section m1 of this chapter. 

Our object in the present section is to describe the fluorescence and 
absorption of four double uranyl nitrates and to throw further light on 
the réle played by crystal structure. 

The two pairs of double nitrates studied are mono-ammonium uranyl 
nitrate, NH,UO2(NOs3)3;di-ammoniumuranylnitrate, (NH,4)2,U02(NOs3)4 
2H.0; the mono-potassium uranyl nitrate, KUO, (NO3)3; and the 
di-potassium uranyl nitrate, K,2.UO2(NQOs3),. 

The crystallographic features of these four compounds may be 
briefly specified as follows: 

(1) The mono-ammonium salt, which crystallizes from a solution of 
the two component salts in concentrated nitric acid, was described by 
Meyer and Wendel’ and crystallographically by Steinmetz? The 
crystals are of the trigonal system, with an axial ratio of a:c=1: 
1.0027. 

(2) The di-ammonium salt crystallizes from a slightly acid water solu- 
tion of the two salts in which the ammonium nitrate is in excess of that 
required for the mono-ammonium salt. This salt was at first thought 
to be the a modification of ammonium uranyl nitrate made by Rim- 
bach‘ and measured by Sachs,’ but an examination of the spectrum of 
the a modification so-called proved that it was simply uranyl nitrate 
hexahydrate. The crystals analyzed by Rimbach were probably the 
mono-ammonium form, as this sometimes forms in the same solution. 
The crystals of the di-ammonium salt belong to the monoclinic system. 

(8) The mono-potassium salt crystallizes from nitric-acid solution 
in the rhombic system, as described by Steinmetz, with axial ratio 
a:b :c=0.8541 :1 : 0.6792. 

(4) The di-potassium salt crystallizes with reluctance; but when 
seeded from an acid aqueous solution, it forms in beautiful, fluorescent 
crystals of the monoclinic system. The axial angle is 8 =90°= and the 
axial ratio a :b :c=0.6394 :1 :0.6190. The composition is different from 
that of the di-ammonium salt, since it lacks the water of crystallization. 

Both visual and photographic measurements of the spectra were 
taken, and, since they agreed well, were averaged together. When 

1 Howes, H. L., and D. T. Wilber: Physical Review (2), rx, p. 125 (1917). 
2 Meyer and Wendel, Ber. d. d. Ch. Ges., vol. 36, 4055. 1903. 
3 Steinmetz, Groth’s Chem. Krys., 11, p. 150. 


4 Rimbach, Ber. d. d. Ch. Ges., vol. 37, 472. 1904. 
5 Sachs, Zeitschr. f. Krys., vol. 38, 497. 1904. 
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possible the absorption spectrum was obtained by transmitted light. 
The crystals from an acid solution were of a deeper green color than 
those from a water solution, which necessitated grinding to about 
0.4 mm. thickness to make them sufficiently transparent. Since the 
immersion in liquid air spoiled a crystal, many crystals of each form 
had to be prepared. 

Since, as is usual with the urany] salts, we have in these spectra series 
of constant-frequency intervals, the location of the bands (tables 
46, 47, 48, 49) is indicated in frequency units. As elsewhere in 
this treatise, fluorescence series are denoted by capital letters (A, B, 
C, etc.) and the related absorption series by a, b, c, etc., or where the 
oni is not obvious, by Greek letters. 

The four spectra are mapped in the usual manner in figure 79. 


6 : 
* FLUORESCENCE - ABSORPTION 


Fic. 79.—1. Fluorescence and absorption spectra of mono-ammonium uranyl nitrate, NHsUO 
(NO3)3. 2. Diammonium uranyl nitrate, (NH4)2U02(NO3)4.2H2O. 3. Mono-potassium 
uranyl nitrate, KUO2(NOs;)3. 4. Di-potassium uranyl nitrate, K,U02(NOs3)4. 

In the spectra of these double nitrates, the relation of absorption to 
fluorescence is somewhat simpler than is the case with the uranyl 
nitrates described in section 1 of this chapter, but it is less systematic 
and complete than in the spectra of the double chlorides. Thus, in 
mono-ammonium and mono-potassium salts (table 46 and 48), there are 
not sufEcient absorption series to match all the fluorescence series, 
but there are no absorption series that do not join. In the di-ammonium 
spectrum (table 47) there is a related absorption series for each fluores- 
cence series and three extra absorption series that are not obviously 
related to fluorescence. (Seeplate1,b.) In the spectrum of the di-potas- 
sium salt, fluorescence series B, D, G, I, and J have no corresponding 
absorption of measurable intensity, while there are two absorption 
series, l’ and g, apparently with a direct reversing linkage with the 
fluorescence. As to the completeness of classification of bands, it can 
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be said that not a fluorescence or absorption band of any of the salts 
fails to fit into one of the constant-frequency series. 


TaBLE 46.—Series in the fluorescence spectrum of mono-ammonium uranyl nitrate. 
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Series in the absorption spectrum of mono-ammonium uranyl nitrate. 
1/r | AG/r) 1 | AG/) Lf | Aa Po 


2132.8 
2207.1 
2280.5 
2356.3 
2430.1 
2502.5 


In section 1 it was shown that in the spectrum of the uranyl] nitrate 
the intervals of the fluorescence series are the same for all series within 
the errors of observation; in the case of the absorption series, however, 
the interval is not the same for all series. In the double nitrates we 
find an unmistakable variation in the fluorescence intervals as well as 
in the absorption. In the mono-ammonium nitrate the interval varies 
from 86.4 for series M to 89.0 for series B. In the di-ammonium nitrate 
the interval varies from 83.7 for G to 85.0 for E. In the mono-potas- 
sium nitrate spectrum the interval varies between 86.4 for G and 87.9 
for J. In the di-potassium nitrate the interval varies between 86.2 
for E and 87.6 for J. 

The variation of the interval in the absorption series is of the same 
order of magnitude; e. g., an extreme variation of 1.4 in the mono- 
ammonium, 3.5 in the di-ammonium, 4.3 in the mono-potassium, and 
4.4 in the di-potassium nitrate.. In this connection it was thought to 
be of interest to compare the ratios of related fluorescence and absorp- 
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2 
tion intervals. In table 50 these ratios are given. The ratios are 
nearly constant for the mono-ammonium and mono-potassium uranyl 
nitrates, but differ in the case of the other two salts. 


TaBLE 47.—Series in the fluorescence spectrum of di-ammonium uranyl nitrate. 
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Series in the absorption spectrum of di-ammonium uranyl nitrate. 
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TaBLE 48.—%Series in the fluorescence spectrum of mono-potassitum uranyl nitrate. 
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Series in the absorption spectrum of mono-potassium uranyl nitrate. 
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Fig. 80.—A single group from each of the four spectra. 


1. Mono-potassium uranyl nitrate—trigonal. 2. Di-potassium uranyl nitrate—monoclinic. 
3. Mono-ammonium uranyl nitrate—rhombic. 4. Di-ammonium uranyl nitrate—mono- 
clinic. The bands occupy their natural positions in the left-hand panel, but have their 
strongest bands in vertical alignment in the right-hand panel. 
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That the crystal system to which a salt belongs is an important factor 
in determining the position of the bands can be seen in figure 80. In 
the left-hand panel a single group is shown in its natural position; in 
the right-hand panel the strongest bands of each group are placed in 
the same vertical line, to show the resemblance in grouping. This 
similarity is probably due to the fact that all four belong to the same 
chemical family. If we compare this grouping with that of the uranyl 
nitrate spectra in section 1 we find little resemblance, hence the 
grouping is probably characteristic of the double uranyl-nitrate family. 
In the left-hand panel it will be seen that the second and fourth groups 
occupy almost identical positions, while the first and third occupy 
positions which differ from one another and from the second or fourth. 
As has previously been stated, the second and fourth groups belong 


Tas iE 49.—Series of the fluorescence spectrum of di-potassium uranyl nitrate. 


1/r A(1/A) 1/r A(1/A) 


coowIN 


HL OO 00 o9 


2 
29 
) 
6 
3 
.0 
off 
.0 
9 
af 
6 
ao 
50 
3 
8 
2 


NO ON DY NONAKS WwWHRDH 


WIR MOO OHMMW CMM UANMNHDaN 


Series in the absorption spectrum of di-potassium uranyl nitrate. 
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to the monoclinic crystal systems, the first to the trigonal and the third 
to the rhombic system. Since all four spectra vary slightly in their 
frequency intervals, the relative positions would change slightly if we 
compared homologous groups in the other end of the spectrum, but 
this gradual and slight shifting would not change the general condition, 
which indicates that the absolute position of a group is largely deter- 
mined by the crystal system. This is not entirely new, as the four 
triclinic crystals of the double uranyl chlorides exhibit spectra which 
are as nearly coincident as could be expected of salts which vary in ~ 
molecular weight. 


TasuLE 50.—Average intervals. 


Mono-ammonium urany] nitrate. 
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Di-ammonium uranyl nitrate. 
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Absorption series........... 


Mono-potassium uranyl nitrate. 


Fluorescence series D I K 
Bee cteijaveie'S ous, AOE ao ela se SE eee eT 86.9 87.2 86.6 
P 3 d t k 
HA DSOPPPMON, SCTICS a-.< avers a) cuece Gi eheld biktate: ore Sa iats alee, RAST eee { 73.2 71.9 74.1 
Ratio.of- fluorescence to absorption’. . ©... cj. cse.eee cme es eecies 1.18 1.16 IAB Ere 
Di-potassium uranyl nitrate. 
5 D E F H K L 
Fluorescence series. .......0.20ccc0ee0. { 86.6 86.2 87.2 86.5 86.9 86.9 
‘ F d e de h k l 
IAN bsOrpiOon seLlGsacge ace stece cece cece { 727 74.8 75.0 71.7 71.3 74.9 


Ratio of fluorescence to absorption....... 1.19 Let 1.16 i Labi 122 1.16 
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Again, in the case of the uranyl nitrate, the crystals of the hexa- 
hydrate are of the rhombic system, while those of the trihydrate and 
dihydrate are of the triclinic system. In spite of slight shifts due to 
changing molecular weight, the strong bands of the two spectra pro- 
duced by the crystals of the triclinic system agree fairly well, while the 
strong bands of the spectrum produced by the rhombic crystal reside 
in entirely different positions. 

There is one more bit of evidence which adds weight to the above 
view. The chemical formule of the two potassium salts are more 
nearly alike than those of the two ammonium salts, since the di- 
ammonium salt has 2 molecules of water of crystallization, while the 
other salts have none, yet there is a greater difference between the 
first and second spectra than there is between the second and fourth 
spectra. 


SUMMARY OF SEcTION II. 


(1) The spectra of the double uranyl nitrates resemble those of the 
previously studied urany] salts in that the bands can be arranged in 
series having constant frequency intervals. 

(2) These intervals, while constant for any given series, are different 
for different series. 

(3) In the mono-ammonium uranyl nitrate and the mono-potassium 
uranyl nitrate the ratio of the interval of a fluorescence series to the 
interval of the absorption series which joins that fluorescence series is 
approximately a constant. 

(4) Although the grouping of the bands shows a strong family 
resemblance in the four spectra, yet the absolute position of a group 
is largely determined by the crystal system. 


III. RESOLUTION ON COOLING AND ITS DEPENDENCE ON 
CRYSTALLINE STRUCTURE. 


The crystal system of any uranyl compound is an important factor 
in determining the character of its fluorescence and absorption spectra, 
as we have endeavored to show in the foregoing section. There is 
equally good evidence that resolution is dependent on the existence of 
a crystalline conditjon. 


Tasie 51.—Bands of fluorescence in canary glass. 


At +20° C. At —185° C. 


iN 1/d X103. x 1/ X10. 


5280 1894 5330 1876 
5180 1931 5140 1946 


1R. C. Gibbs, Physical Review (1), vol. 30, p. 382. 


142 FLUORESCENCE OF THE URANYL SALTS. 


Not all uranyl fluorescence spectra are well resolved on cooling. In 
the case of a piece of canary glass, for example, the rather unusually 
broad, vague doublet occurs at +20° (see table 51). 

At the temperature of liquid air the doublet is partially resolved, 
but no narrow components appear. 

The solid solution of uranyl phosphate in microcosmic salt, the 
phosphorescence of which has already been described in Chapter IV, 
yields a narrowing of the bands on cooling and a shift, but no resolution. 
(See table 52.) 


Tasie 52.—Bands of uranyl phosphate in microcosmic salt. 


At +20° C At —185° C. 


» | 1/rx108. ss 1/X103. 


5670 1764 5680 1761 
5421 1845 5430 1842 
5183 1929 5190 1927 
4970 2012 4980 2008 


1 The bands are 160 4. v. in width. 


The inference that the failure to obtain resolution of the bands is 
due to the non-crystalline structure of the substance is confirmed by 
the observations described below. 


EXPERIMENTS ON THE SPECTRA OF SODIUM URANYL PHOSPHATES. 


Stokes,” in an early paper on the ultra-violet spark spectra of the 
metals, described a fluorescent screen prepared by treating the ordi- 
nary uranyl phosphate with a solution of phosphoric acid and sodium 
or ammonium phosphate. While the uranyl phosphate is only feebly 
fluorescent, the double salts thus produced were very brilliant. 

To investigate the fluorescence spectra of these double phosphates, 
the following preparations were made: 

(1) A mixture of uranyl phosphate and sodium phosphate in the ratio of 
4 molecular weights of HUO2PO,.33H20 to 1 molecular weight of HUo,PQ,. 

(2) A similar mixture in proportions 2 to 1. 

(8) A similar mixture in proportions 1 to 1. 

These three specimens, when cooled to —180° C. and excited by 
radiation from the carbon arc, yielded precisely similar and well- 
resolved spectra. (See fig. 81, 1, 2, and 3.) 

In addition to the above, four further specimens were made by 
mixing increasing amounts of phosphoric acid with sodium uranyl 
phosphate, 2. e.: 

(4) One molecule of phosphoric acid to 2 molecules of uranyl phosphate 


and 1 molecule of sodium phosphate, giving the composition H;NaUO2(PO,)e 
This was a powder, similar to preparations 1, 2, and 3. 


1 Howes and Wilber, Physical Review 3 ae p. 394. 1916. 
2 Stokes, Philos. Trans., 152, p. 599. 
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(5) One molecule of phosphoric acid to 1 molecule of uranyl phosphate 
and 2 molecules of sodium phosphate. When dried, this contained much 
free sodium phosphate. 

(6) Two molecules of phosphoric acid to 1 molecule of uranyl phosphate and 
1 molecule of sodium phosphate. This specimen did not dry, but remained 
syrupy at room temperature and appeared to be vitreous at —180°. 

(7) A solution of uranyl phosphate in a considerable excess of syrupy 
phosphoric acid. This gave a glass-like mass even at +20°. 


The fluorescence spectra of these 7 substances are plotted to the 
usual frequency scale in figure 81. 

Table 53 gives the location of the narrow bands, and approximately 
of the crests of the broad, unresolved groups; also the frequencies and 
frequency intervals. 

It will be seen that the spectra of 1, 2, and 3 consist of recurring 
groups of narrow bands and that homologous members of these groups 


TaBLE 53.—Wave-lengths and frequencies of the line series of the fluorescence of the sodium 
uranyl phosphates. 


1/r 


Series F 
(dim) 


Average 


Series G 
(dim) 


(medium) 


Average 


(very strong) 


Average 


* Series B’ is found in spectrum No. 5 only. 
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TABLE 53.—Wave-lengths and frequencies of the broad-band series of the fluorescence of the 
sodium uranyl phosphates. 


nN 1/r Al1/d IN 1/r A1/d 
Spectrum No. 4....| 6219 | 1608.0 83.6 Spectrum No. 6....| 5932 | 1685.8 86.0 
5909 | 1692.6 80. 1 5644 | 1771.8 84 : 2 
5641 | 1772.7 82.6 5388 | 1856.0 86.9 
5390 | 1855.3 83.4 5147 | 1942.9 , 
5158 | 1938.7 82.3 —_— 
4948 | 2021.0 ; AVELA LO ks retilchte onl vector 85.3 
VAVOPASG ac. ki |rsiooue cae sere toveas 82.6 || Spectrum No. 7....]| 5958 | 1678.4 88.1 
—— 5661 | 1766.5 85.4 
Spectrum No. 5....| 5927 | 1687.2 83.7 5400 | 1851.9 87.2 
5647 | 1770.9 81 6 HOLS? | 193891 87.3 
5398 | 1852.5 80.2 4935 | 2026.4 
5174 | 1932.7 85.1 | 
4956 | 2017.8 ; Averages cel Scicauoellinten nutes 87.0 
PAN CP ALO ararenacsl| aie wtekal a teenes ara 82.7 


form the usual constant-interval series. The interval, which is the 
same for all within the errors of observation, is the shortest yet observed 
in the study of the fluorescence of the uranyl salts. Position as well as 
the arrangement of the bands is identical, and it is highly probable 
that we have to do with the same 
crystalline fluorescent compounds in 
these three preparations. 

The broad bands of specimens 4 and 
5 form series with a constant interval 
of 82.5 units. Evidently the increase 
in the proportion of phosphoric acid 
tends to suppress the strongest line 
series and merge the dimmer series 
into broad bands. With the increas- 
ing predominance of the broad bands, /\ 
caused by the increasingly larger pro- L;\ L,\ / 
portion of acid present, there isa si- 


multaneous increase in interval from aK / \ /\ [\ A 


82.5 units to 85.1 units for specimen 
No. 6, and 87.0 units for specimen 
No. 7. ee 


Experiments similar to the above 
were made in which ammonium phos- ea ye 
phate wassubstituted for sodium phos- ps) rN 
phate. The results were inallrespects | 1 17loo 1 taloo i ssloo , | 
analogous to those above described. Fig. 81. 

That in general the resolution of the uranyl spectra by cooling occurs 
only when the fluorescing substance is in crystalline form is further 
substantiated by numerous experiments on frozen solutions to be 
-described in detail in Chapter X. 
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SUMMARY OF SEcTION III. 


(1) Where uranyl compounds occur in solid solution, as in canary 
glass, or in a bead of microcosmic salt, the banded fluorescence spec- 
trum with constant frequency intervals, as observed at +20° C., is 
not further resolved into groups of narrow, line-like bands by cooling 
to the temperature of liquid air. 

(2) Sodium uranyl phosphate or ammonium uranyl phosphate, 
when prepared in the form of crystalline powder, gives fluorescence 
spectra which are fully resolved at low temperatures. 

(3) In the presence of an excess of phosphoric acid, where the 
above compounds, or uranyl phosphate, form solid solutions of vitreous 
structure, resolution does not occur on cooling. 

(4) There is reason to think that the dependence of resolution by 
cooling upon the existence of crystalline structure applies in general 
to the fluorescence of the urany] salts. 


VIII. THE ACETATES. 


The uranyl acetates afford a broader field for investigation than the 
chlorides or nitrates, the spectra of which have been considered in 
previous chapters. 

In addition to two forms of the single acetate UO2(C2H302)2, we have 
the double salts of all the alkali metals except cesium; the double salts 
of calcium, barium, strontium, magnesium, zinc, lead, silver, and 
manganese; the triple salt NaMg UO2(C2H302)5. 

In the fluorescence spectra of the acetates, as in the case of all 
uranyl salts thus far studied, the broader bands observed at room 
temperature are resolved into groups when the substance is excited 
at the temperature of liquid air, and the constitution of these groups, 
which repeat themselves at regular intervals from the red to the region 
in the blue, where absorption begins to replace fluorescence, is very 
similar in the acetates to that of the groups in the spectra of the com- 
pounds already discussed. 


THE SINGLE ACETATE. 


Two distinct varieties of this salt were available for observation— 
the finely powdered anhydrous form, UO2(C2H30s2)2, and the crystalline 
form, UO2(C2H302)2 : HO. 

The spectra of the two are very similar in appearance; each being 
characterized by two strong, well-defined series forming a set of doub- 
lets. They are easily distinguished, however, by the widely different 
location of the doublets. In the spectrum of the anhydrous variety 
these occur near the group centers of the alkaline double salts, whereas 
in the crystalline form they fall nearly midway between these groups. 

The strong series of the crystalline salt, which we have denoted as 
E and F, frequently appear in greatly reduced intensity in the spectra 
of the double salts, due doubtless to the presence of traces of the single 
acetate. The strong doublets C and D of the anhydrous acetate, 
if they ever appear in the spectra of the double salts, would be more 
difficult to detect, as they would overlap bands in the groups of the 
latter. 

Wave-lengths and frequencies of these two forms of uranyl acetate 
are given in tables 54 and 55. Intensities are designated as very strong 
(vs), strong (s), medium (m), dim (d), very dim (vd), and very very 
dim (vvd). 

STUDIES OF A SINGLE GROUP. 


Since the acetates, like the chlorides and nitrates discussed in pre- 
vious chapters, have spectra consisting of similar recurring groups, 
it is convenient and sufficient, in the study of the structure of the 
ensemble of the fluorescence, to consider a single group. For this 


146 


THE ACETATES. 147 


TaBLE 54,—Fluorescence bands in spectrum of uranyl acetate (anhydrous), —185°. 


Group. | Series. B 1/uX103 | Int. | Group. | Series. Bs 1/u X103 | Int. 
( C” | 0.6037 | 1656.4 m. A | 0.5295 | 1888.5 d. 
3 D 6011 1663.5 m. B .02t3 1896.6 d. 
| E .5975 1673.6 vd. C .5229 1912.5 d. 
F .5950 1680.6 vd. C’ .5223 1914.4 8. 
6 D .5202 1922.4 s. 
A .5822 Adio d. E .5183 1929.4 vd. 
B .5799 1724.3 d. F .5161 1937.5 m. 
C 5749 1739.4 d. G Sales 1954.4 vd. 
4 C’ .5739 1742.6 m. H .5088 1965.5 vd. 
D .5713 1750.5 m. 
E .5687 1758.5 vd. A .5062 1975.4 vd. 
F .5663 1765.7 vd. B .5041 1983.6 vd. 
7 C’ .5006 1997.4 d. 
A .5548 1802.6 d. D .4979 2008.6 3. 
B 5523 1810.5 d. E 4961 2015.6 vd. 
(oh 5481 1824.6 d. F .4940 2034.3 d. 
C .5469 1828.5 s. j 
5 D 5445 1836.4 S; 
BE 5424 1843.6 d. 
F .5401 1851.5 d. 
G .5352 1868.5 vd. 
H .5318 1880.5 vd. 


Tasie 55.—Fluorescence bands in spectrum of uranyl acetate [UO.(C2H302)2+2H:20], 


at +185° C. 
Group. | Series. B 1/uX108 | Int. || Group. | Series. be 1/uX108 | Int. 
3 E 0.6158 1623.9 d. A 0.5166 1935.7 vd. 
F .6133 1630.5 m. B .5149 1942.3 d. 
C .5130 1949.2 d. 
E . 5860 1706.6 m (oH .5122 1952.0 vd. 
4 E’ . 5849 1709.8 m D .5107 1958.0 vd. 
F . 5825 1716.8 8 7 Fy .5096 1962.3 d. 
E .5090 1964.6 m. 
B 5648 1770.5 vd. Fy .5075 1970.4 8. 
(Ow 5630 1776.1 vd. F .5067 1973.5 8. 
FE; 5583 1791.2 vd. sep? .5059 1976.7 vd. 
E 5575 1793.6 m. G .5027 1989.1 vd. 
5 F .5550 1801.9 s. H .5005 1998.2 vd. 
May 5529 1808.8 vd. 
G . 5504 1816.9 vd. A 4962 2015.3 d. 
isl 5473 1827.0 vd. B .4930 2028.5 m. 
I . 5442 1837.6 vd. Cc 4913 2035 .5 m. 
C’ .4904 2039 .2 d. 
Ai 5416 1846.4 vd. 8 D 4892 2044.1 d. 
B 5385 1857.0 d. F, -4863 2056.3 m. 
C 5367 1863.3 d. F .4857 2058.7 m. 
Cc’ 5357 1866.7 vd. BY, 4848 2062.7 8. 
D 5342 ESi220 vd. G 4823 2073.2 vd. 
6 Ei 5329 1876.5 d. 
E’ 5322 1878.9 m. 
F 5305 1885.0 vd. 
Fr’ 5300 1886.7 ae 
F’ 5289 1890.7 vd. 
G 5258 1901.9 vd. 
H §231 1911.7 vd. 
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purpose group 7, which is in the brightest part of the spectrum and is 
free from the complications due to the overlapping of fluorescence and 
absorption in the reversing region, is most favorable. In figure 82 
the spectral region of this group is plotted for the anhydrous and 
crystalline forms of the single acetate to depict the remarkable dis- 
placements brought about by the presence of water of crystallization 
and the consequent modifi- 
cation of crystal structure. 
The jetiect “is. very similar,’ | afiwdroue 
both as regards the direction 
of the shift of the groups and 
the amount of shift, to that 8 
already described in the case reesei 
of the nitrates. (Compare | ceystanine 
fig. 78 in Chapter VII.) 

In both instances it is not 
the transfer of the groups 
toward the blue without 
change in their structure that 
occurs, but something much 
less obvious. In fact, it is not possible to identify any of the bands 
in the spectra of the hydrated form with those belonging to the an- 
hydrous salt. 

To produce this change in the spectrum it is only necessary to add 
a drop of water to a small portion of the anhydrous powder and to 
compare the fluorescence of the dry and moistened substance when 
excited in the usual way at —185°. 


URANYL ACETATE 


1900 1950 
Fic. 82. 


FREQUENCY INTERVALS OF THE SINGLE ACETATES. 


The frequencies and frequency intervals of the series occurring in 
the spectra of the two forms of the single acetates are given in tables 
56 and 57, from which it will be seen that the two forms of the acetate 


TaB LE 56.—Uranyl acetate (anhydrous). 


Gartes Group | Group | Group | Group | Group | Average 
. SY 4, 5. 6. he interval. 


INTs arte cite erat scene orate ct ot 1717.5 | 1802.6 | 1888.5 | 1975.4 85.97 
Bite srelet arse a eh oesietar alae. 1724.3 | 1810.5 | 1896.6 | 1983.6 86.40 
OTe salstatstoisteieiec wae |laveren sietualle 1739.4 | 1824.6 | 1912.5 | 1997.4 86.00 
(Chtincharipineiew ice 1656.4 | 1742.6 | 1828.5 | 1914.4 | 2000.6 86.00 
DEI Sh ateret once heels 1663.5 | 1750.5 | 1836.4 | 1922.4 | 2008.6 86.27 
Bic toiears, steharershaionn 1673.6 | 1758.5 | 1843.6 | 1929.4 | 2015.6 85.50 
UNGER OFG GOR IN 1680.6 | 1765.7 | 1851.5 | 1937.5 | 2024.3 85.91 
LCR Pe ineyOrr oleae eh Pomorie 5| fer dien. caniore 1868.5 | 1954.4 |........ 85.90 
15 hee Gogh aduSUTolodacsoollyaooou bx 188025: |i LOGSLO8 |e aac 85.00 
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appear to have the same interval. The difference between the weighted 
averages is much less than the uncertainties in the determination of 
the intervals of the dim bands of the weaker series. 


Tasie 57.—Uranyl acetate (crystalline; 2H.20). 


Series Group | Group | Group | Group | Group | Group | Average 
i 3. 4, 3 5 te 8. interval. 
ESD 6 oS CPERARS CRS Oly OE] CROTCH EERO IR ria] eae een (eae DOLS 23a ecenicerseee 
PARR Pa ete ene on re grec ern lla taveress varrel| cesar ceaverellietaies Stor ooeew TSA 64s cre eerhe alae cree ove eel rewrote eters 
J\idS Cth Ba erie cick Racal nema g(a eee (AINE AER beh Oar LOB Dd | icczssers are tel etoree tie eaes 
HES Serta re tec evale ro orah sare lope ocd ae aie] setravecnie es 1770.5 | 1857.0 | 1942.3 | 2028.5 86.0 
(Cedi BOO A a ROS Ie ere (cere as 1776.1 | 1863.3 | 1949.2 | 2035.5 86.45 
OHS GIO CR Hee TD ICRC eT ROE uae! ERP raed Gta see 1866.7 | 1952.5 | 2039.2 86.25 
1 BSE IRISIARG EI SLOt a AMER MER Lins caer] arte RS POD 1872.1 | 1958.0 | 2044.1 86.0 
E,.. eta a COOR On ed sO lees eS 7G soul O62 nan | cman ne 85 .23 
1 SE eo er ES OP ae 1623.9 | 1709.8 | 1793.6 | 1878.9 | 1964.6 |........ 85.18 
EE reer ee taeen ta iete sti chata Acedia mac aad chal aseeetarete: 8 will ote astic ee a cs 1885.0 | 1970.4 | 2056.3 85.65 
Bye ee a neees cies 3s 1630.5 | 1716.8 | 1801.9 | 1886.7 | 1973.5 | 2058.8 85.66 
eee ate Mars Wee ay oe, ees Vanere re ries ara lta eter orete ate Bins 1890.7 | 1976.7 | 2062.7 86.00 
PE eparae eevee eer Abc orer airs rane ail'5) a) rent aie ceca notion ar LBOS Rip lS ciorovo gaits| eotereneneo elles averece oP wre rea eraser 
CPE tetas feat c Gorell Soharatinaratallsie oheretes ons 1816.9 | 1901.9 | 1989.1 | 2073.2 85.42 
IETS ae eae ee aes aNe aor tell ay oR cons ve will tecove wie See LS27e OM MOLI AT He LOO SR eae ns re 85.60 
LSA COS OR Sis See oC Oe Teel eroeiene on Ieee TSS CBee hom crararcvulathiete conse ooecerer geet | cetera rates 
Generalav erage mny-r,| sp totesie itetctesrerctalll arotere se ote sor arena o i [taesvenatecerate| Gravenn owe sic 85.72 


THE DOUBLE ACETATES. 


The fluorescence spectra of these salts have as a rule lower frequency 
intervals than the two forms of single acetate. The average interval 
is below 85, as compared with 85.7 for UO.(C,H302)22H2O and 85.9 
for the anhydrous single acetate. 

The group structure is in general less symmetrical than that of the 
double chlorides or the double nitrates and precise comparisons are 
therefore more difficult. 

Corresponding groups in the majority of cases, however, occupy very 
nearly the same position in the spectrum, and the system of designating 
the various bands employed in the discussion of the chlorides and 
nitrates has been used. 

If we neglect some of the weaker outlying bands, the group structure 
of several of the double acetates is found to consist of 4 nearly equi- 
distant bands the wave-length of which is almost if not quite inde- 
pendent of the metal which enters into the composition of the double 
salt. The substances which most nearly conform to this type are the 
double acetates containing lithium, potassium, calcium, and strontium. 

Manganese uranyl acetate differs from these only in the absence of 
band B in some groups. (See fig. 83.) 

In the spectrum of the barium double acetate the groups are shifted 
bodily toward the red about 5 frequency units. In the spectra of the 
ammonium and rubidium salts band D is doubled. 
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The double acetates of sodium, magnesium, zinc, silver, and lead 
(fig. 84, a) are made up of groups which, while they overlap, are by no 
means identical, either as to the location or arrangement of their bands. 

The spectra of these 5 salts agree, however, in this: They contain 
in each group 5 bands which correspond so closely with the bands 
B, C, D, E, and F of the double acetates depicted in figure 83 that by 
a bodily shift of the group as a whole they may be made to conform 
to the uniform arrangement, so far as those bands are concerned, quite 
as well as do the latter. This may be seen from figure 84 6, in which 
the dotted vertical lines indicate the positions of the bands in the uni- 
form type, while the group in each case has been shifted so as to 
register approximately. 


Dovsie Acerares 


Dovece Acertares 


Fie. 83. Fic. 84a. Fic. 846. 


The distinction between the spectra under discussion and those 
previously considered, which were described as having group spectra 
conforming to an essentially uniform type both as to location of bands 
and group-structure, is twofold: (a) there is a shift of the groups as a 
whole; (b) there are additional series, varying in intensity, some of 
which are among the strongest in the spectra and which are charac- 
teristic of the individual salt. 

It should be reiterated in this connection that neither the bands 
B, C, D, E, and F, which, although sometimes uniformly shifted, are 
common to the spectra of the double acetates, nor the additional 
bands, are found in the spectra of the single acetates. The spectrum 
of neither the anhydrous acetate nor the crystalline form can be made 
to conform to the uniform type by a general shift. 
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A PossIBLE RELATION TO THE METALLIC SPARK SPECTRA. 


It appears from the foregoing that any metal capable of forming a 
double uranyl acetate modifies the constitution of the fluorescence 
spectrum both as to the composition of the groups and 
their location. Certain metals, such as lithium, potas- 
sium, calcium, manganese, and strontium, produce one 
and the same modification, irrespective of the metal which 
is present. Other metals shift the group slightly (e. g., 
barium) or vary slightly the relative distances between 
neighboring bands without otherwise changing the struc- 
ture of the group. The presence of still other metals, 
such as sodium, magnesium, zinc, silver, and lead, results 
in a considerable general shift and the introduction of 
new series into the spectrum characteristic of the partic- 
ular metal in question and existing only in the doublet 
salt of which it forms a part. Some of these groups are 
much more complex than the uniform type depicted in 
figure83. The others are accompanied by strong bands or 
minor groups of bands lying outside the usual boundaries. 

One might imagine, to account for this type of spec- 
trum, that in addition to the metal in combination as a 
part of the double salt, there are in solution certain 
other radiators. If these are uncombined particles of 
the metal existing in a condition akin to the gaseous 
state, one might expect a type of radiation, under exci- 
tation, similar to that discovered by Wood! in sodium- 
vapor; 7. e., series of constant frequency made up of bands 
instead of lines because of damping. One member of each 
such series should coincide or nearly coincide with some 
line in the are or spark spectrum of the metal. 

Now, there are in fact various coincidences or approxi- 
mations thereto close enough to bring lines of the 
emission spectrum well within the brighter portion of 
one of the fluorescence bands in question. In the spec- 
trum of silver uranyl acetate, for example, there is a 
strong series which does not coincide with any series in 
the fluorescence spectra of the other acetates thus far 
observed. One member of this series coincides with 
the brightest visible line in the spark spectrum of silver 
(Haschek 0.54655 uw; frequency number 1,829.6). Our 
reading of the corresponding band, made before we had 
any suspicion of the possible relation here suggested, was 
1,829.8. The rather bright line (0.51838) and the neigh- 
boring doublet (0.51729-0.51675) in the spark spectrum 
of magnesium correspond similarly to bands 1,928.9 and 
1,934.4 of the fluorescence spectrum. 


ee 


MNT 


—=—_ 


wu) 


Fie. 85. 
1R. W. Wood. Physical Review (2), x1, p. 76. 
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In the spark spectrum of lead, of the 9 lines listed by Haschek which 
lie in the fluorescence region, 7 are within one frequency unit of our 
readings of the corresponding bands; 4 of these are in practically 
perfect coincidence, the departures from the crests of the bands being 
only one or two tenths of a unit. 

Of the 25 spark lines of zinc within the fluorescence region, 15 are 
certainly not related to fluorescence in the manner here under con- 
sideration, 4 in somewhat doubtful coincidence, and 6 are in close 
approximation. Of these last, 5 are consecutive lines of the spark 
spectrum, all of which are in group 7 of our fluorescence system. The 
evidence of any significant relation based upon these coincidences is 
obviously far from conclusive. The matter is mentioned here solely 
in view of possible developments in the further study of the connection 
between fluorescence and temperature radiation. 

The search for possible coincidences in the case of sodium led to the 
discovery of a striking arrangement, which seems to be peculiar to that 
element. The doublets and triplets of the spark spectrum, while they 
do not form constant-frequency series, are so located that they could 
be excited to radiation of the type described by Wood, with a common 
interval equal to the fluorescence interval of the acetates; 7. e., about 
85, the result would be a well-defined group spectrum of the type of the 
fluorescence spectrum of the uranyl salts. (See fig. 85.) There are, 
however, only two individual coincidences with bands of the sodium 
uranyl] acetate. 

In the figure, the actual arc-lines of sodium are elongated. The 
shorter lines are derived from them by assuming constant-frequency 
series having the interval 85, as described above, 


FLUORESCENCE SERIES IN THE SPECTRA OF THE DOUBLE ACETATES. 


In tables 58 to 70 the fluorescence bands in thespectrum of the double 
salts are arranged in the order of their wave-length. In tables 71 to 
83 the frequencies and average intervals of each series in the various 
salts are given. It will be seen by comparison with tables 56 and 57 
that the average interval for the double acetates is less by more 
than one frequency unit than for the single acetates; also that the av- 
erage for the various double salts differ from the general average of all 
(table 84) by an amount no greater than the difference between the 
intervals of the various series present in the spectrum of a given salt. 
In brief, whatever real differences may exist are too small to be deter- 
mined from our data. 
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Tas LE 58.—Lithium uranyl acetate. 


Group Group Group 
and Be 1/uX103 | Int. and a 1/uX103 | Int. and Le 1/u X10 | Int. 
series. series. series. 
A 0.6105 1638.0 d. Cc 0.5481 1824.5 m. Cc 0.5016 1993.7 m. 
3 G .6033 1657 .4 vd. D .5451 1834.4 d. D 4987 2005.1 8. 
E .5963 1677.0 m. 5 E .5423 1844.0 Se 74+ E .4967 2013.1 ms. 
H .5858 1707.0 vd. F .5399 1852.0 m. F 4948 2021.1 ms. 
G . 5363 1864.7 vd. H 4889 2045.6 a: 
C .5740 1742.1 d. H .5336 1874.1 vd. 
D 270M 1751.0 d. C 4808 2080.0 ms. 
4,E .5680 1760.5 m. C .5238 1909.0 m. || 8{D .4784 2080.5 8. 
F 5653 1769.0 d. D .5209 1919.8 Se 1 5751 2104.8 ms. 
H 5590 1789 .0 vd. 6 E 5184 1928.9 8. 
F .5166 1935.8 m. 
G 6128 1950.2 vd. 
H -5102 1960.2 d. 
eee eS ea ee ee re ee | ee eee fee ete HO «| 
TaBLE 59.—Sodium uranyl acetate. 
Sener are a ee ee ee. eee 
2{S 0.6262 | 1597.0 d. B, | 0.5510 | 1815.0] vd. B | 0.5027] 1989.2] va. 
I 6107 1637.5 s. B 5494 1820.2 vd. C 4998 2001.0 m. 
Cc .5468 1828.8 m. Cc’ 4988 2004.9 a 
Bi 6085 1643.5 m. (Oy 5452 1834.1 m. D 4972 2011.3 vs. 
B 6068 1648.0 d. D . 5432 1840.9 m. IDM 4965 2014.2 vs. 
C .6028 1659.0 d. 1DY .5422 1844.3 m. 7 E 4949 2020.8 8. 
(Ox 6007 1664.8 d. E .5404 1850.6 s. F 4931 2028.0 8. 
D 5978 1672.8 d. 5, F .5383 1857.8 m. Fr’ 4917 2033.6 | vvd. 
34E .5948 1681.1 8. FE’ .5371 1862.0 | vvd G 4900 2040.9 d. 
F 5924 1688.0 m. Gi .5359 1866.0 | vvd. GQ’ .4891 2044.5 vd. 
G 5898 1695.5 vd. G 6345 1871.0 vd. H 4874 2051.5 m. 
G’ 5875 1702.0 | vvd. G’ . 5332 1875.5 vd. I .4844 2064.3 vd. 
H . 5846 1710.5 d. H .5313 1882.0 m. 
I 5805 1722.5 m. I .5283 1893 .0 vd. By 4821 2074.1 vd. 
ae .5269 1897.8 vd. Cc .4796 2085.1 38. 
B 6782 1729.5 d. Cc’ A787 2089 .2 a. 
B’ .5764 1735.0 d. B .5249 1905.0 vd. 8; D .4769 2097 .0 a. 
C ROvoL 1744.9 m. B’ .5242 1907.5 | vvd. D’ 4762 2100.0 8. 
(4 -O0LT 1749.0 m. C .5221 1915.3 8. E 4734 2QVI2E5 m. 
D . 5693 1756.5 m. (O .5210 1919.3 m. G 4707 2124.5 | vvd 
D’/ 5687 1758.5 m. D 5191 1926.3 5. 
E - 5662 1766.1 Se 6 1B) +5182 1929.9 m. 
a ho 5642 | 1772.51 m. || °)E 5166 | 1935.6 | va. 
i’ 5625 1777.8 | vvd F .5148 1942.5 vs. 
Gi .5614 1781.4 | vvd. G 5115 1955.0 vd. 
G 5599 1785.9 vd. G’ .5099 1961.0 vd. 
Gs 5590 1789.0 vd. ED .5083 1967.5 m. 
H 5565 1796.9 m. I .5048 1980.8 d. 
iL 5529 1808.6 d. 
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Tas Le 60.—Magnesium uranyl acetate. 


Group 
and 
series. 
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TaBLE 62.—Potassium uranyl acetaie. 
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TABLE 63.—Calcium uranyl acetate. 


Group 
and 
series. 
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TABLE 66.—Rubidium uranyl acetate. 


See 


BBS 


FA ae, OTIS SS, jaan aa 


<< 
Gem 


2 Bo 


<< 
oO wm 


Bap 


Bop 


OP PST TOE 


Group Group Group 

and B 1/uX103} Int. and be 1/u X10} Int. and be 1/uX108 
series. series. series. 

B 0.6093 1641.2 vd. Cc 0.5489 1821.8 s. ar 0.5129 1949.7 

3 E 5977 1673.1 s. Cr 5476 1826.2 vd. I .5109 1957.3 
F 5955 1679.3 d. D 5458 1832.3 m. 

H 5879 1701.0 | vvd. De 5445 1836.5 d. C 5022 1991.2 

5; E 5428 1842.3 vs. D 4995 2002.0 
A’ 5811 1720.9 vd. F 5405 1850.0 8s. 1D} 4984 2006.4 
Cc 5753 1738.2 m. G 5377 1859.8 vd. 7 E 4971 2011.7 
Cc’ 5739 1742.5 | vvd. lal 5360 1865.7 vd. F 4953 2019.0 
D 5717 1749.2 d. I 5338 1873.4 ok G 4927 2029.6 

4 D’ 5703 1753.3 d. H 4916 2034.2 
E 5685 1759.0 vAzb Cc 5241 1908.0 8. I 4893 2043.7 
F 5662 1766.2 Ss. C’ 5229 1912.4 | vvd. 

G 5639 1773.4 | vvd D 5214 1917.9 8. Cc 4813 2077.7 
H 5618 1780.0 | vvd. 6; D’ 5202 1922.0 m. D 4790 2087.7 
I 5592 1788.3 m. E 5188 1927.5 vs. || 8) D/ 4780 2092.1 

F 5170 1934.2 s. F A751 2104.8 

{8 5554 1800.6 d. G 5144 1944.0 vd. G 4730 2114.2 

B 5525 1810.0 d. 
TaBLE 67.—Strontium uranyl acetate. 
2.0 0.6112 1636.1 d. Cc 0.5483 1823.9 m. C 0.5017 1993.2 
D .5453 1834.0 vd. D .4990 2004.0 
E .5974 1674.0 m. E .5427 1842.6 m. 7 E .4969 2012.5 

3 F .5951 1680.5 m. || 5;F .5407 1849.4 m. F -4950 2020.4 
H .5872 1703.0 d. G . 5363 1864.5 d. G .4916 2034.0 
I -5812 1720.7 d. H . 5334 1874.9 d. H .4888 2045.9 

I .5300 1886.8 vd. 
C .5752 1738.6 d. Cc .4812 2078.2 
D .5721 1747.9 d. C . 5239 1908.6 m. 8; D .4789 2088.1 
4 E .5687 1758.5 m. D 5211 1919.0 d. F -4751 2105.0 
F .5663 1765.8 m. E .5187 1928.0 s. 
G 5615 1780.8 vd. || 6;F .5169 1934.5 8s. 
H . 5589 1789.1 vd. G .5131 |. 1949.0 d. 
H .5104 1959.1 ds 
I .5078 1969.4 d. 
TABLE 68.—Silver uranyl acetate. 

E’ 0.5979 1672.5 d. C 0.5500 1818.4 d. Cc 0.5027 1989 .2 

34 F .5961 1677.5 vd. D .5465 1829.7 m. D .5000 2000.2 
H .5878 1701.2 vd. 5 E . 5487 1839.4 Ss. 7 E .4979 2008.6 

F .5417 1846.0 m. F .4960 2016.1 

A .5806 1722.5 vd. G .5379 1859.0 vd. G -4930 2028.6 

Cc .5764 1735.0 d. H .5345 1871.0 vd. H -4902 2040.0 
.5730 1745.1 d. 

4:E .5699 1754.7 m. C .5250 1904.9 d. C 4824 2073.0 
F .5678 1761.1 d. D .5227 1913.2 m. 8;D .4796 2085.1 
GQ’ . 5625 1777.7 vd. 6 E .5198 1923.9 8. F .4759 2101.5 

.5600 1785.7 vd. F .5183 1931.0 m. 
G .5141 1945.1 vd. 
H -5113 1955.7 vd. 
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TABLE 69.—Barium uranyl acetate. 
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Taste 71.—Lithium uranyl acetate. 


Group | Group Group | Group | Group | Group | Average 
; : 2 3 A > 8. interval. 


1824.5 . : 2080.0 84. 
1834.4 ‘ : 84. 
1844.0 
1852.0 


1635.4 | 1721.2 
1647.0 | 1731.8 


1666.1 | 1751.8 
1674.8 | 1759.2 

1763.2 
1687.6 | 1773.1 
1695.7 | 1781.6 
1715.0 | 1799.8 


1675.5 | 1760.3 
1682.0 | 1766.5 
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Tas LE 75.—Potassium uranyl acetate. 


Group | Group | Group | Group | Group Average 
3 4. 5. 6. Uk 8. interval. 
yao GAEDE ceevtaeieceil sb tee ews | sates obebetove | exes aveatal eee lias banepcbe se ails wvetehoparerere 
181 SAU e RACs] ICSE aeerueaner eee USES? I 190053) | 198329 cece. 84.83 
ORE saan 1656.1 | 1742.8 | 1823.4 | 1909.3 | 1993.8 | 2078.9 84.56 
ernie inca seills adecabeneeens 2 i 1922.3 


seeevecees| 4040.0 | L/0L.0 | L0680.U | L949.0 | BGULD.D Joe ee eens 


eee e renee 

ee oe Pe i ee ec 
eee rere ele re eevee] 401.0 | 106%0.U | LdVde.f | LUD0.F Joe er aee 

eeceecene| A4U8S | LEGL.D | LO00.U | LIOU.E | SUST.F Le eee eee 


Ps Oe ee Oe OO ee i ce ay 


Sortes Group | Group | Group | Group | Group | Group | Average 

i 3. 4, 5. 6. id 8. interval. 
Ra ecterereclaciers Gace 1742.2 | 1823.8 | 1908.4 | 1993.2 | 2076.8 83.87 

( Sattryetern ate NOG22 OL [ere cvs Fetes oraillc wore sceta eva; lke tavacoyetcteuel| te Soaantenetor eee tone akelte Lar Sie | Shave sieve ‘okers 
cater § 1670.3 | 1753.5 | 1834.5 | 1918.6 | 2004.0 | 2087.7 83.91 
1 DE ape rie 1675.6 | 1759.9 | 1842.6 | 1926.8 | 2012.1 }........ 84.12 
1 DS rence Pa 1683.8 | 1767.1 | 1850.8 | 1934.6 | 2019.0 | 2103.0 83.85 

es el acta oe -ote al oso aster oviovro =| rave tey are co Ge breceipues ete acaill parser et evens UU UGalerccnevecoteere 
Gee rertiiaa cil scsvereters 03 1781.9 | 1865.3 | 1949.3 | 2033.3 |........ 83.80 
le each eas 1703.9 | 1788.9 | 1873.0 | 1958.1 | 2042.9 |........ 84.66 

\ Gans SS aI GES OA [GRINGO Gl ae Bicineenial eas ones oaks ZOD Ms Oss] lerererstove reroll eversin erevere 

A eA ree 17M Ge On| ere caracatavar | Bloke clererore | acctetees ome lain occroenyasitttu ators feiss loka ave arate 

BOG eee iorere | oiatecee rarest tore ateteyerci| @ Giersissioe NOT Gide || Here etore «| Mvere itera enereye ouscensc 
COT RV oak cio ce eee Il eteser ote koneite | ty storoPeammatollieicpe cveme rein feel vestetetecei| lever azsie, ae 83.88 

TaBLe 77.—Manganese uranyl acetate. 
Series Group | Group | Group | Group | Group | Group | Average 
st 3. 4, 5. 6. 7: 8. | interval. 


1908.4 | 1992.8 | 2078.1 85.70 
1833.5 | 1918.4 | 2002.6 | 2089.4 | 85.12 
1842.3 | 1927.9 | 2011.7 

1935.0 | 2019.4 | 2104.8 


2025.9 
2042.9 
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TaBLe 78.—Zinc uranyl acetate. 


SertGia Group | Group | Group | Group | Group | Group | Group | Average 


2. 3. 4, 5. 6. Vs 8. interval. 
BAS Foreubie wate areuets|| Gueiertera eis 1640.0 | 1724.0 | 1809.0 | 1895.7 | 1980.3 | 2064.8 84.96 
IS gestae ick dettncderes | ole spares cualinetea retake L7SO815 | SEST4S TS | ee ee oe ee eee oeeeees 84.00 
{ CaaS etl eens VOS4e3" |e here cnet aes 1905.0 | 1989.7 | 2075.1 84.16 
Chea ei Hee wear ILE anerotetonavs be Satter 1739.5 | 1824.0 | 1909.1 | 1995.8 | 2079.6 85.03 
1 DYER aa, coke ort (ete Onna Perea esi ae cache 1831.6 | 1916.1 | 2000.9 | 2085.5 84.48 
Distr stareccties als tees Mihi atanetetatcaree | arate ra, tereerte 1835.0 | 1919.9 | 2004.9 | 2089.3 84.77 
LO es ae ae LS90.3 iy) 5 Se toe 1754.0 | 1841.6 | 1925.6 | 2009.1 | 2094.0 83.95 
1 RCs Arcee RRB es 1675.8 | 1759.0 | 1845.0 | 1929.9 | 2014.0 | 2101.9 85.22 
Beran eciite ett si icanizonadeiens 1682.9 | 1766.6 | 1848.0 | 1934.0 | 2017.2 |........ 83.80 
1 AS Gores areal (matic ececior tcl (Gece aCrCR] kee eeae cere T5149) | POSSZO MN e2O2TCO sae ere , 85.00 

Gy checatc sctceoretste | cexesescave lowell coeee rouasuare| & tla ra toerete lf mretaceteee teh | evoke ome eile | am eteetasiets 2IOT LO Fina cet ent. 
Graal ton ciivcaree-s | Salons has 1689.0 | 1773.1 | 1858.0 | 1942.0 | 2026.3 |......... 84.33 
13 Serena ee ieee Rear eerie 1697.0 | 1780.6 | 1865.0 | 1949.1 | 2033.4 |........ 84.20 
SD tie Wicie Ae: hoe ao? | val ee ner 1703.6 | 1788.0 | 1872.0 | 1956.9 | 2041.4 |........ 84.45 
Diawtrstere si esacetsns, s [see sr ous ato ellie Cat chereeellietetede aeons 1875.9 | 1961.3) | (2045.9) |... «5 ce 85.00 
(EO AROSE BIN OOe Mcrroeetea norman oul micro a lartcetra ditucrate onic alowacgone 84.51 


TaBLE 79.—Rubidium uranyl acetate. 


Group | Group | Group | Group | Group | Group | Group | Average 


Series. 2. a. 4. 5. 6. %: 8. interval. 

OS Cee hee ee | eee eered Lane 18006) oh sant iets oe eee 

7 TS CLs eRe Te a 1720.0" |: 2 en eee ee 
We Me 2 acl Eee 1641 S85 om 18100" bs. ee ee eee 84.40 
a ee Coney eye Gs pete Fs 1738.2 | 1821.8 | 1908.0 | 1991.2 | 2077.7 | 84.88 
Pet Canes keke 8] a ee 1742-5 |. 1826.2 1:1912.4 }e the ee 84.45 
De heck Soke stead [pees 1749.2 | 1832.3 | 1917.9 | 2002.0 | 2087.7 | 84.62 
| A pdeabe eas tqeetemetnton 1 ieee 1753.3 | 1836.5 | 1922.0 | 2006.4 | 2092.1 | 84.70 
By Wi oe cols 1673.1 | 1759.0 | 1842.3 | 1927.5 | 2011.7 |........ 84.65 
1 a RON | RRL 1679.3 | 1766.2 | 1850.0 | 1934.2 | 2019.0 | 2104.8 | 85.10 
Ce CMRI eatin) Sa ase ts Ses 1773.4 | 1859.8 | 1944.0 | 2029.6 | 2114.2 | 85.20 
1: Re ulekeameie MRR Beran be So dents 1780.0 | 1865.7 | 1949.7 | 2034.2 |...,....] 84.73 

12 a ee an) Bie ER 1701.0 .|°; cs. cel cc aemnn tece seule eee 
eee RSLS Merl Hana esti Ad "at ae av 1788.3 | 1873.4 | 1957.3 | 2043.7 |........ 85.13 
Gen Saviricatilines cage © lees oats eee geno dif Wa .0i[ forays ates saci llehwretedeva smite rolane tabastes 84.86 


TaBLe 80.—Strontium uranyl acetate. 


Group | Group | Group | Group | Group | Group Average 
Ze 3. 4, 5. 6. ve 8. interval. 


Series. 


CPrisvisis sie cdiarc\|leceos seedere liens craters 1738.6 | 1823.9.| 1908.6 | 1993.2 | 2078.2 84.90 

Di cve ave saw 'star| s geeiereme all excreta 1749.9 | 1834.0 | 1919.0 | 2004.0 | 2088.1 85.05 

Weare iosinen cor aralinaiseatene 1674.0 | 1758.5 | 1842.6 | 1928.0 | 2012.5 |........ 84.63 

IN iayaierascvciouters|| coselelsie 1680.5 | 1765.8 | 1849.4 | 1934.5 | 2020.4 | 2105.0 84.90 
Sheracssehers se sievaiel| overoietetetele | akelee rae 5 | 1949.0 | 2034.0 |........ 


Cece ececcrelerececccc se, SEU [ocr ncn e efor nsec coteesececosicsrvreressicecessselseccccsecre 


eee rece ceerelesrccssceiserccese se} L400U,.L | LO00E.9 | LYUVI.L | CGUZOLD [ee eee ens 


eoereeeeceeees| L000. | LEILU.F [owe een 


ee ed 


Cd Os ee ee ee ee ee i ee ere ees ier ar er ars 
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TaBLE 81.—Silver uranyl acetate. 


Group | Group | Group | Group | Group | Group | Group | Average 


Series. 2. 3. 4. 5. 6. ds 8. interval. 

IN cos gi QE EEG EERE eee VPP DOM s aca a cais ra leaten: ais tote 5 | nice one ad alter aecoee ena oieaetedaic mses te 
(Oe OR OO AGE RROEO RAG) Care 1735.0 | 1818.4 | 1904.9 | 1989.2 | 2073.0 84.50 
1D) 6. SDN ER OER Oe ee ree ea 1745.1 | 1829.7 | 1913.2 | 2002.2 | 2085.1 85.00 
Weer reer a calicice aie eee sre eel Lode Male LSsOs4 ee 92359) 2008 iGMe steerer 84.63 

Bi Gabteseie kere chet atete set NG LS Deal eae cree otel| terre rare tet vcilleroseh come. eas] caceatn ma serall atom susscee i rerenenerchelenes 
Ee ret s eco Anliont sic ectene!s 1677.5 | 1761.1 | 1846.0 | 1931.0 | 2016.1 | 2101.5 84.80 
Cee ee Oi ae cucvevern al ore tetes Mieteliamatols ssi 3 185920 | 19452152028 Ga lee nares 84.80 

(CH oy cu ctCRCOON HERE eral tne (Cio eS I WACK Kal al leh errors oor oa Se leer errant cea eres OEaUNS Ore 
1a) 5 Sin Merete i aee | Cee herae UO 2 Sonal PLS GleOmn LoOorn nl e040 0) lerreeett crs 84.70 
GATS, ENG s.ceb tlh d Glo cha Bil Bound Reis Eisai eeepc tons rapier baeeee nese aera 84.74 


Average 
interval. 


1904.8 | 1990.0 5 84.80 
1913.5 | 2000.0 : 85.30 
1922.7 | 2008.8 85.05 
1930.5 | 2016.5 - 84.86 
1941.7 | 2027.2 ; 85.08 
1954.7 | 2040.4 


Group | Group Average 


Series. ZA 
interval. 
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TABLE 84.—Summary of average intervals of the double acetates. 


Substance. Interval. Substance. 


Li(UOz) (C2H302)3.3H20 ; Zn(UO2)2(C2H302)6.7H20 
Na(UOz) (C2H302)s . Rb(UO2) (C2H302)s 


Mg(UO2)2(C2H302)6 b: 7H20 OAC . Sr(UO2)2(C2H302)6 7 6H.,0. 
NH,(U0O2) (C2H302)s : Ag(UOs) (C2H302)3 
K(UO2) (C2H302)3 F Ba(UOs) (C2H302)6.6H20 
Ca(UO2)2(C2H302)s.8H20 3 Pb(UOz2) (C2H302)4.4H2O 
Mn(U0Qz2) (C2H302)4.6H2O..... 

General average 


ABSORPTION SPECTRA OF THE ACETATES. 


The fluorescence and absorption of the acetates are related to each 
other in a manner entirely similar to that already established in the 
case of the other uranyl compounds. 

The absorption bands occur in series of constant interval and this 
interval is much shorter than that of the fluorescence series. Fluores- 
cence and absorption overlap in the reversing region, with numerous 
coincidences and an interlocking of the fluorescence and absorption 
intervals. Reversals, both exact and of the well-known displaced type, 
are more frequent, perhaps, than in any family of uranyl salts as yet 
studied. A notable example occurs in the spectrum of lead uranyl 
acetate (see fig. 86). 


Fia. 86. 


The absorption spectra fall into two fairly well defined classes: 

(1) Double acetates of Li, NH, Na, K, Ca, Zn, Rb, Sr., Ag., Ba. 

In this class the system of bands having a series interval of 70+ 
ends at about 2,180, where is located the head of the strongest series. 

Band E of the fluorescence series is usually missing in group 8 and is 
supplanted by a strong absorption band (1) located 85+ frequency 


ee ee ne ee 
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units from the terminating absorption band mentioned above, des- 
ignated as e in accordance with convention used in previous papers. 

An excellent example of this type of change from fluorescence to 
absorption is afforded by the spectrum of barium uranyl acetate 
(fig. 87). Here an exact reversal of band E;! occurs and the strong 
absorption band e, which takes the place of E in that group, is 85 
frequency units from the first member of the strong e series which 
extends toward the ultra-violet with the usual absorption interval 
of 70 units. Displaced reversals F, G, and H also occur—an indica- 
tion of the probably complex structure of these bands. The corre- 
sponding absorption bands are likewise 85 units from the first members 
of the f’, g’, and h’ series of the absorption spectrum. 

There is almost as notable a resemblance between the absorption 
spectra of this class as between their fluorescence spectra. The resolu- 
tion is, however, not so good, and all the members of the various series 
are not so easily located. Almost without exception the bands which 
can be observed are definitely related, in the manner just described, 
to the fluorescence series. 

(2) The single acetates UO.(C2H302)2 and UO.(C2H302)2+2H20; 
double acetates of Mg, Mn, Pb. 

Here the absorption system (interval 70+) distinctly overlaps the 
fluorescence system extending into the region of groups 8 and 7 beyond, 
without change of interval. 


GROUP 7 GROUP 8 GRouP 9 


The various series of absorption bands located in our visual and 
photographic studies of the acetates are contained in tables 85 to 97 
inclusive. Frequencies and average intervals are given for each salt, 
the series being designated as usual by small letters, which indicate 
their relation to fluorescence series denoted by the corresponding 
capital letter. The three examples of bands or series not thus related 
to visible fluorescence are indicated by means of the Greek letter y. 

1This band Es may appear either as fluorescence or as absorption according to the conditions 


of illumination, etc. It is commonly seen as fluorescence in the spectrum of the zinc uranyl 
acetate and as absorption in the spectra of other salts of this class. 
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TABLE 85.—Li( UO2) (C2H302)s .8H.0. 


Series. Frequencies, Interval. 


2375.0 2446.5 2514.8 


SCOMSMNSHON 


Series. Interval. 


2163.4 
2446.3 
2253.8 


6 
5 
4 
2 
8 
8 
8 
8 


2 

3 

6 

4 

8 

3 ; 
CaeKetoins 2102.6 2190.1 2259.4 2332.1 2403.8 2542.4 70.46 
Cwtector 2265.0 2336.4 2409.1 PATS. 9) AES ak Ue caenete 70.30 
Uiaecnersters 2111.0 D473 59 - aegnverdickd oe| eu See R EE We Y Shootrcae Alan aah aies oa ieee 
4 Pie OY 2117.7 2277.4 2343.0 PL AGH: eee een) Er centers 70.40 
Gareteiicrers 2126.8 2211.4 2285.7 2350.7 2423.7 2569.1 71.54 
Mix b.Ce 6 2137.7 2217.8 2291.0 2358.5 2430.1 2499.4 | 70.15 
Usogoonr 28363) Piiccrcryers ——alersgarepar ua sorte © a ehs ote Mca Tete akenel teren neers 
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TABLE 88.—Mg(U0s2)>. (C2H302)6 5 7H0. 


Series. Frequencies. Interval. 
CBee ors): PIGIS OM rrcnice Cs dealin! a-seeeaol. Goths | mseetel| espn anes 
Chee ie 2168.3 2280K 25 - eA Meter | ete ita 70.90 
Cater 2172.8 ZEUS Om ces We ceaieiowe Ghee  paeee's 71.10 
erent QUO DES amen amtnieysyen ivetsta steph id Uietitovsseies —) Matar olee  mRastonmterarll (cis btejortesees 
Os Seta: DUSZESIe mr cishelcrsss | jc Acree ARO oie Mbshateltnyicin! ah Suse oieion | 4 le eacuanstotets 
Piatate® rots VOLE 2 timer sce a rercaers cio” Giada ui Miccektigmanss 9) ialtaleie te ot G|(eere trtoneravers 
Tilersersca NO Ser tee Recut tarercicwih . Pvaketecara tol ule Hatt te sors toe mame Merahlayieriow Gaby Mcalin te ate ons| ote eteroretetae 
Osc Cicw wie 2266.0 DSO 52 eee iy icpalaee atcha Meee AD. Ua ea aan 70.20 
Geist sac 2115.3 2199.3 2269 0s | ans cc Lae PEL stor oesis 69.70 
Weighted average ccc cers on tiers ererarsie ses elas aretere avsveve siec 70.60 


Series. 


Seles eee) GA0U. “MAMaOEsV  j.gescvce <“cewwisie@¢0 © enveweee i$ se vieee« 


eenaes| MUO. ijcosesve - eceveees  csoveee j- ssve0ee jg§ e800 Jeasecvvvese 
alatpieie eel I Uiene | - eiexcee #éeerelwea io neeepene | <e10¥eieese F_2-6)'s e¥ssi, le 9) slebersns vile 
mie wee eases Oem $$ wete sie. ~Sieje eles rele s-e1a,6 #§§ @:eiere eer” a f=@ e\bliatare yt eievepenesels e)¢ 
eels bial sale eee | ceceleterara | ieisjieieneie 9 | | wtelvleievs, §§§ Slearenehere <eifelfel sire: |e. 0) si eiete-asel6) 
seeeee | ULE UYU 8 41UU.0U 8 £24000 8440900 .90 #84040 .90 see 8e8 
Se 6 creel UA MSU a weses | ° wo wiee  weaveeee a8 © ee Hes a/c .en0 09 
eee eee ee = MID j(concee 9 e80¢60 - j 66:60 0 ||| ceeelsic! [ec 0.0 osic ae 
eoeeee| 2447,.U 8 2644.0 8 £2494.4 S059 -G seer ee eee eee 


el etalalalel het wedie ha alenetibseretent= 9) Talaisielete "= “erelererae —"" ‘scecvetstehe) | fete olive) lie ee 0) ece.ela ne 


DWOOSCOMHOOO 


Ria nsi ste aOR cKO be (auecet®  lexelp sie.0) | eeysuplenee lereleles em) 6! 0.0 ee:e:e. pievete sexes ele 


ee ed 


Tasie 90.—Ca(UO2)2(C2H302)5.8H20. 


Frequencies. 


2166.8 
2312.7 
2317.5 


2325.6 
2409.6 
2203.6 
2349.1 


MWAH WODHOM 


TABLE 91 —Mn(U02)2(Cr2H302)6¢ 5 6H.0. 


Series. Frequencies. Interval. 
Cet DADS RO eae ieee dna ET ONE geet etirtG Ny, cbparcrerteain ® |invere cate Appears 
Cres iehe 2011.5 2094.0 2178.4 2236.2 30% .On tees 71.62 
eb etis of OSTASS . ise eae A) oe Pee) habeas, Eh Ee ee dana 
Oise ear 2110.5 BIsie 2 QOD IR Dae gee ore ees Me Cs 70.50 


NEL PHTCAAVELARG -sercisccde rel sversieie sipusleselolsievstecelelene als ojelsre sie 71.25 
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TABLE 92.—Zn(UO2)2(CoH302)¢ c 7H.0. 


Frequencies. Interval. 


qeeaee, i Stayed | sessile "© (6 eee ee 


eoeeeee|) UID. #£L£101.0 £44014 .,.6 $4044.90 “4094.0 eseeee 


eoseree| BQ£OOeMw  j.jgcvescse jg @weese jj #6660 j j j<@eeewee j ~@eeceede fesie ss ce si 


eoceccs| MMUDCUL ceceee joc80tse g§jé§e0¢80606 jj;  #éeese¢en é  seevee Jeevcedces 


sceeeeee | 4406.0 f2090%70.0 8 £SF10.U sevens wee eee j§ #2 eee 


eeeeee| 2400.0 8 S464 .F9 MS00U.bF ween ee ween e eee eee 
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TABLE 93.—Rb ( UO.) (C,H. 302)3. 


Series Frequencies. Interval. 
Bin seit BOBO —  chevcverhss hc, 2 Veue Siero seca mecesmrsy eric oometd waiiayat Saoxonstetuneen Guetoh tensa Wey atororeer saat 
Ores 2OTOTS ~ — sarswicke eet oh | Gegruteiberice ma fe) ero axeGe Meter an | Cece enone 
Cs chess 2158.9 2292.2 2299.4 2373.6 244078 eas 70.27 

Chana QOSUSS: . nclngjeisy  OYelesee’ag > tio Wiejetare ae Desterehoee cual a eerste ara] oe ScNereeinenS 
(6 se 2093.8 2246.7 281730" angie Laseeaane ae 70.35 

Oreos D5) le A on enn ere RN OS LP wtb ilododGeee., 
Baie 2186.7 2259.4 2326.1 2399:8  «siseun. ~ Passes 71.03 

Che tnicres 202732: ede Uotaee” CRORES Ser) Weather) MakScaevons tera ato sper 
Oke ees DVS ised ~~ wade wh” | Salneciel” Pilbpeaster) eae orien leaterecermens 


TABLE 94.—Sr( UO2)2(C2H302)¢ ‘ 6H.0. 


Frequencies of absorption bands at —185° (groups 8 to 12). 


2412.7 
2347.8 
2279.1 2350.0 


2420.0 2490.0 


General weighted average 


TABLE 95.—Ag UO2(C2H302). 


Frequencies. 


2231.4 
2180.0 
2107.0 
2116.0 
2125.0 
2133.0 


2369.7 
2251.3 


2204.1 2276.3 


2344.7 


Weighted average 
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TABLE 96.—Ba(UO2)2(C2H302)6 é 6H.0. 


2180.1 


2187.2 
2275.8 


Frequencies. 


2419.0 


Weighted average 


Interval. 


TaBLE 97.—Pb(UO;) (C2H302)H20. 


Series. 


ZOOS ORs ecce. 
2072.0 2142.5 
2365.0 2437.5 
2094.5 2236.5 
2098.0 2168.5 
2101.5 2389.0 
2105.5 2176.5 
ASU SO tencter ors 
DILDO LD: Vibe 3 
2125.0 2194.5 
2201.5 2272.0 


Frequencies. 
2355.0 2426.5 
250020 esac iane 
2309.8 2380.0 
2240.0 2313.5 
2248.4 2321.5 
2264.0 2332.5 
2341.0 2413.5 


Interval. 


ae Rise 6) — eeene0 6. | \eielecs lee ols levee wlelelere 


Sieevs.e 0, | leereietee 


2450.0 


2521.0 


see eee 


2594.5 | 71.43 


Sianel'e wre cis sis tice, sis s(e\elen| wis) aiele steele 


Sih eieige = wvistsie &' - | tercilecs ee.) |\sre © eeleieieve 


2482.0 


2552.5 


TABLE 98.—General weighted averages of intervals of absorption series in the spectra of the 
acetates at —185° C. 


Substance. 


UO2(C2H302)2 
UO2(C2H302)2.2H2O 

Li UO2(C2H302)3.3H20 
NHsU02(C2H302)s 

Na UO2(C2H302)3 


Meg(UOs2)2(C2H302)6.7H20.... 


K UO2(C2H302)3 
Ca(UOx2)2(C2H302)5.8H20 
Mn(UO:)2(C2H302)¢.6H20. . . . 


Interval. 


Substance. 


Zn (UWO2)2(C2H302)¢ . 7H2O 
Rb UO:2(C2H302)3 
Sr(UO2)2(C2H302)¢. 6H20 
Ag UO2(C2H302)s 
Ba(UOz)2(C2H302)6.6H20 


Av. interval for all acetates. . 


Pb(UOz) (C2H302)4.4H20...... 


70.68 


From the list of general, weighted averages of the intervals for the 
various salts (tables 97 and 98) it appears that the frequency interval 
of the single acetates is larger than the general average, corresponding 
in this respect with the larger interval of their fluorescence spectra, as 
has been previously noted. The determination of intervals is, however, 
somewhat less accurate than in the case of the fluorescence bands, 
and, as in that instance, no difference between various series, or various 
salts, can be considered as positively established. 
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SUMMARY. 


(1) The spectra of the uranyl acetates consist of the usual equi- 
distant fluorescence bands. 

(2) When excitation occurs at the temperature of liquid air, these 
bands are resolved into groups the homologous members of which form 
series of constant-frequency intervals. 

(3) There are two single acetates—a finely powdered, anhydrous 
variety and a crystalline form with 2 molecules of water of crystalliza- 
tion, whose spectra differ widely, particularly as to the groups of 
fluorescence bands. 

(4) Of the double acetates, those containing lithium, potassium, 
calcium, manganese, and strontium have spectra which may be 
regarded as essentially identical both as regards the location of the 
principal bands and the structure of the fluorescence groups. The 
only distinctions between their spectra are in the sharpness of reso- 
lution and relative brightness of the various components. 

(5) The spectrum of barium uranyl acetate differs from the above 
in that the groups are shifted, as a whole, about 5 frequency units 
toward the red. 

(6) In the spectra of the double acetates of ammonium and rubidium, 
band D in each group is doubled, but there is no shift of the groups. 

(7) The presence of sodium, magnesium, zinc, silver, and lead 
modifies the group structure by the addition of bands characteristic 
of the metal and causes slight relative displacements of the group 
system as a whole. Otherwise the spectra resemble those mentioned 
under (4). 

(8) The frequency interval for the fluorescence series of the double 
acetates is probably the same for all series and for all salts, the depar- 
tures of the general averages for the various salts being less than one 
frequency unit from the average for all, 7. e., 84.76. The same is 
probably true of the absorption series, the general average for which 
is 70.68. 

(9) The frequency intervals, both in the fluorescence and absorp- 
tion spectra, are larger by more than one frequency unit for the single 
acetates than for the double acetates. 


TASTHE: SULPHATES. 


Uranyl sulphate (UO.SO,.3H:,O) and the double uranyl sulphates 
of the alkaline metals are among the most brilliant of known fluores- 
cent substances. Their spectra are characterized by an unusual com- 
plexity of narrow bands brought out by cooling to the temperature of 
liquid air. The group structure is by no means so obviously uniform 
as in the case of the compounds already considered, nor is there the 
marked similarity between the spectra of the double sulphates which 
has been noted in the discussion of the fluorescence and absorption of 
the chlorides, nitrates, and acetates. There are, however, certain 
characteristics common to all the sulphates thus far examined; 7. e.: 

(1) Fluorescence at —185° vanishes with the group 7 (frequency 
2000 to 2070), which is the reversing region for this family of salts, 
and the eighth group lies entirely within the absorption region. 


SuLpHares 
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(2) Absorption of the type having the usual 70+ frequency interval 
extends without change of interval into group 7. In discussing the 
acetates, what we have called the heads of the prominent absorption 
series lie in the region between 2040 and 2060 instead of at about 


2170, as in the spectra of the acetates. 
169 
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(3) The fluorescence groups are distinguished by a strong pair of 
bands, fairly dominant in all the spectra excepting that of the sodium 
salt. The series formed by the members of shorter wave-length of 
these pairs terminates toward the violet, where it meets the head of 
the corresponding absorption series mentioned above. 

(4) The location in the spectrum of the fluorescence groups in the 
spectrum of the sulphates is not approximately the same for the 
different salts, as is the case with the corresponding double acetates. 
On the contrary, there is in general a shift toward the violet with 
increasing molecular weight, as may be seen from figure 88, in which 
group 5 of the 6 sulphates under consideration are depicted. This 
shift is larger than that observed in the double nitrates, but not 
quite so systematic. 


TaBLE 99.—Uranyl sulphate: UOz.SO.8H20. Fluorescence at —185° C. 


Prepared by extracting an excess of uranium oxide (U30s) with sulphuric acid and oxidiz- 
ing the solution to UOz.SOs by means of H2O2. This neutral solution was evaporated to crys- 
tallization. The crystals were needles, some being 1 by 2 by 5 mm. in size, apparently ortho- 
rhombic, with three good pinacoidal cleavages. The angle of the optical axes is very nearly 90° 
and the double refraction is positive. 


Group Group 
and Me 1/uX103 | Int and mn 1/uX10% | Int 
series. series 


e 0.6254 1599.0 d. A 0.5256 1902.6 d. 
F -6223 1606.9 d. B 5237 1909.5 vd. 
B’ 5228 1912.7 vd. 
B 6046 1654.0 vd. C 5210 1919.4 d. 
Cc 6009 1664.2 vd. Oi .5203 1921.9 d. 
D 5976 1673.4 d. 6 D .5182 1929.8 d. 
3) E 5942 1682.9 vd. E .5157 1939.2 m. 
F 5914 1691.0 d. F .5135 1947.5 8. 
H 5857 1707.4 vd. ¥’ .5123 1951.8 m. 
I 5827 1716.1 vd. H .5091 1964.4 m. 
I .5071 1972.0 d. 
B 5740 1742.2 vd. J .5054 1978.6 d. 

C 5716 1749 .4 d. 
D 5686 1758.8 d. A’ .5027 1989.2 d. 
E 5657 1767.7 m. B .5014 1994.4 vd. 
4,F 3630 1776.1 m. 13 5004 1998.5 m. 
G 5600 1785.7 vd. Cc 4990 2004.0 m. 
H 5574 1794.1 d. C’ 4981 2007 .6 vd. 
I 5551 1801.3 vd. (ois 4978 2008.8 vd. 
J 5534 1807.0 vd. Ce 4974 2010.5 vd. 
D 4964 2014.3 vd. 
A 5506 1816.5 d. 7 D’ 4955 2018.2 vd. 
B 5478 1825.6 vd. Ey 4941 2023 .9 vd. 
C 5450 1834.9 d. E 4938 2025.3 m. 
(Oy 5441 1837.9 d. E’ 4933 2027 .2 d. 
D 5423 1843.9 vd. F; 4926 2030.0 vd. 
5 E 5394 1853.8 m. F 4917 2033 .9 8. 
F 5369 1862.4 8. ¥’ 4912 2035.8 vd. 
F’ 5357 1866.7 vd. EY 4905 2038.7 m. 
G 5346 1870.7 vd. H 4878 2049 .9 m. 
H 5321 1879.2 d. J 4843 2064.8 vd. 

I 5301 1886.4 d. 

J 5280 1893.9 vd 
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If the above groups are aligned by bringing band F into vertical 
registration, as in figure 89, it will be seen that the apparent dissimi- 
larity in the composition of the group in the various salts is due rather 
to the occurrence of various weak bands than to the arrangement of 
the stronger bands, which, while not identical, approximates to identity 
almost as closely as in the acetates or the nitrates. As in previous 
diagrams (see the chapters dealing with the spectra of the chlorides, 
nitrates, and acetates), the vertical lines indicate the position of the 
crests of the bands and, qualitatively only, their relative intensities. 
They are estimated in making observations merely as very strong (vs), 

Tase 100.—Uranyl ammonium sulphate: ape UO:. (SO4)2.2H20. 
Fluorescence at —185° 


Prepared by crystallizing a solution of the two component salts in the proportions of the 
double salt. The composition has been determined by Rimbach (Ber. d. d. Chem. Ges., 37, 479 
(1904) ; the crystallization by dela Provastaye (Ann. Chem. Phys. (3), 5, 51 (1842), who described 
it as being monoclinic. The preparation consisted of square and rounded plates of diameter 
from 0.025 to 0.050 mm. The needle-like crystals showed distinct pleochroism from colorless 
to yellow, the greatest absorption being in the direction of greatest index. 


Group Group 
and pb 1/u X10 | Int. and BL 1/uX103 | Int. 
series. series. 


E 0.6214 1609.2 d Hi | 0.5300 1886.8 vd. 
2\F -6185 1616.7 d H 5295 1888.7 d. 
H -6100 1639.3 d 5; H’ 5290 1890.4 d. 
I 5280 1839.3 vd. 
B . 6007 1664.7 d J 5265 1899.3 vd. 

Cc .5977 1673.1 d 
3 D .5941 1683.2 d A 5249 1905.2 d. 
E .5911 1691.8 8 Bi 5230 1912.0 vd. 
F 5883 1699.7 8 B 5214 1917.8 d. 
H .5809 1721.6 vd Ci 5198 1923.8 m. 
Cc 5194 1925.4 m. 
A .5755 1737.6 vd. (oy 5190 1926.8 m. 
B .5717 1749.2 d. D, 5177 1931.6 d. 
Cc .5697 1755.3 d D 5169 1934.6 d. 
‘OF .5689 1757.8 d 64 Ei 5152 1941.0 vd. 
D .5663 1765.8 m E 5147 1943.0 8. 
4,E - 6632 1775.5 8 F, 5128 1950.1 vd. 
F . 5608 1783.3 8 F 5123 1951.9 vs. 
G .5579 1792.3 vd. F’ 5116 1954.7 vd. 
Ai .5549 1802.1 vd. Gi 5106 1958.6 vd. 
H . 5539 1805.5 m. H 5073 1971.2 vd. 
J -5508 1815.5 vd. H’ 5066 1974.0 d. 
J 5038 1984.9 vd. 

A -5491 1821.2 d. 
Bi .5472 1827.5 vd. Ai 5025 1990.0 d. 
B .5456 1833.0 m. A 5015 1994.0 vd. 
Ci .5440 1838.2 m. B 4998 | 2000.9 d. 
Cc . 5435 1840.1 m. C 4975 2010.0 m. 
C’ . 5430 1841.6 m. Di 4960 | 2016.1 d. 
54 Di 5415 1846.7 vd. |} 74D 4955 2018.3 d. 
D -5406 1849.8 d. E 4933 2027.1 8. 
E .5380 1858.8 8. Fi 4916 | 2034.2 vd. 
Fi -5361 1865.3 vd. F 4912 | 2036.0 vs. 
F .5354 1867.6 8. ’ 4905 2038.7 vd. 
id .5346 1870.6 d. Gi 4893 2043.7 vd. 

Gi . 5337 1873.7 vd. 
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strong (s), medium (m), dim (d), very dim (vd), and very very dim (vvd) 
respectively. No attempt is made in the diagram to indicate the width 
of the bands. 

The spectrum of the single sulphate resembles those of the double 
sulphates much more nearly than is the case with the single and double 
salts of the other acids. 

Wave-lengths, frequencies, and relative intensities of the bands 
observed in the fluorescence spectra of uranyl sulphate and the double 
sulphates of ammonium, sodium, potassium, rubidium, and cesium 
are given in tables 99 to 104. Similar measurements of the bands in 
the absorption spectra are given in table 10. The determination of 
wave-lengths were made by the visual and photographic methods de- 
scribed in the foregoing chapters. 

TaBLe 101.—Uranyl sodium sulphate: Naz.UO:2.(SO4)2.2H20. Fluorescence at —185° C. 


Prepared by crystallizing a solution containing the two component salts in the proportions of 
the double salt. (See O. de Coninck, Chem. Centralblatt, rx, I, 919, 1905.) The preparation 
consisted of crystalline grains about 0.5 mm. in diameter, with much mother liquor or deliques- 
cence. The crystals are apparently monoclinic, with positive double refraction. 


B 0.6296 1588.3 vd. D 0.5374 1860.8 d. 

Cc 6255 1598.7 vd. E -5355 1867.3 d. 

9 E 6182 1617.6 d. F .5330 1876.0 m. 

F 6151 1625.8 m. |) 5 G .5311 1882.7 vd. 

G 6122 1633.5 vd. G’ -5301 1886.4 vd. 

H 6093 1641.2 vd. H .5287 1891.4 d. 

ial .5278 1894.7 d. 

B 5976 1673.3 d. I .5260 1901.1 d. 
B’ 5963 1677.0 vd. 

C 5945 1682.1 d. A 5226 1913.5 d. 

3 D 5908 1692.6 d. B 5197 1924.2 vd. 

E 5880 1700.7 d. Ci 5181 1930.1 vd. 

F 5851 1709.1 8. Cc 5167 1935.4 m. 

G 5828 1715.9 d. Di 5152 1941.0 d. 

H 5797 1725.0 d. D 5141 1945.1 vd. : 

6 E 5123 1951.8 d. 

A 5729 1745.5 vd. Fi 5110 1956.9 | vd. 

B 5698 1755.1 m. F 5101 1960.4 8. 

Ci 5677 1761.5 vd. Gi 5087 1965.8 vd. 

Cc 5665 1765.1 m. G 5077 1969.5 vd. 

Di 5642 1772.4 d. Ay 5061 1975.9 d. 

D 5629 1776.5 d. H 5050 1980.2 m. 

4,E 5607 1784.1 d. I 5038 1984.9 vd. 
F 5579 1792.3 m. 

G 5560 1798.6 vd. A .5006 1997.6 vd. 

H 5532 1807.7 d. Bi .4977 | 2009.2 vd. 

ET 5522 1810.9 vd. B -4965 2013.9 8. 

ag) 5509 1815.9 vd. Ci .4955 2018.2 m. 

I 5501 1817.9 vd. 7 Cc .4943 2022.9 m. 

E 4910 | 2036.5 m. 

A -5468 1828.8 d. F 4890 | 2045.0 d. 

B .5439 1838.4 vd. G 4873 2052.3 vd. 

54 Ci .5418 1845.7 vd. H 4857 2058 .9 d. 

Cc 5406 1849.9 m. H’ 4847 | 2063.1 vd. 
Di 5388 1856.0 d. 
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TaBLE 102.—Uranyl potassium sulphate: Ky,.UO2(SO4)2.2H20. Fluorescence at —185° C. 


Prepared by crystallizing a solution of the two component salts in the proportions of the 
double salt. The composition has been determined by Rimbach (Ber. d. d. Chem. Ges., 37, 478 
(1904). The crystals obtained in this laboratory were orthorhombic. The preparation con- 
sisted of 6-sided plates and rounded grains about 0.045 mm. in diameter, the plane of the optical 
axis being a (100) and 6 the acute bisectrix. Double refraction positive. 


Group Group 
and b 1/puX108 | Int. and bs 1/p X103 

series, series. 
Cc 0.6267 1595.7 vd. Fk’ 0.5332 1875.5 
D 6229 1605.9 vd. Gi . 5324 1878.3 
9 E 6188 1616.0 d. 5 G .5319 1879.9 
F 6164 1622.3 m. G’ 5314 1881.8 
k’ 6150 1625.9 vd. H 5295 1888.6 
G 6129 1631.6 vd. I 5276 1895.2 
B 6010 1663.9 vd A’ .5240 1908.4 
Ci 5981 1672.0 d By 5235 1910.2 
C 5957 1678.8 d B 5226 1913.4 
Di 5941 1683 .2 vd Ci 5199 1923.4 
3 D 5921 1688.0 vd C 5189 1927.2 
E 5886 1698.9 vd D, 5173 1933.1 
F 5859 1706.7 m D 5164 1936.5 
F’ 5851 1709.1 d D’ 5157 1939.1 
G 5830 1715.3 vd 65 Ex 5144 1944.0 
H 5804 1723.0 vd EK 5137 1946.7 
F 5115 1955.4 
B 5718 1748.8 vd ime 5107 1958.1 
Cy 5697 1755.3 d Gi 5097 1961.9 
Cc 5680 1760.7 d G .5093 1963.4 
D 5662 1766.3 vd (CH .5088 1965.4 
D 5644 1771.9 d H 5069 1972.6 
4,E 5616 1780.5 m. I 5054 1978.6 

F 5589 1789.1 8. 
14 5583 1791.3 d A’ 5023 1991.0 
G 5563 1797.5 vd By .5015 1994.0 
H 5539 1805.5 vd B 5007 1997.3 
I 5519 1811.9 vd Ci 4988 2004.7 
C .4973 2010.9 
A’ 5481 1824.5 vd Di .4959 2016.5 
B 5461 1831.0 d 74D 4951 2019.7 
Ci 5438 1838.9 d Ei 4935 2026.5 
Cc 5424 1843.8 m E 4923 2031.3 
54 Di 5405 1850.1 vd F 4906 2038.5 
D 5391 1854.9 d Gi 4894 2043.3 
FE, 5374 1860.8 vd G 4889 2045.2 
E 5366 1863.5 m G’ 4884 2047.5 
F 5342 1871.8 vs. 
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Tas LE 103.—Uranyl rubidium sulphate: Rbz. UOz. (SO.)3.2H20. Fluorescence at —185° C. 


Prepared by crystallizing a solution containing the two component salts in the proportions 
of the double salt. The composition has been determined by Rimbach (Ber. d. d. Chem. Ges., 
37, 479, 1904). The crystallization is in every way like the potassium salt, although the solubil- 
ity is less and the crystals smaller. The preparation consisted of 6-sided plates about 0.02 by 
0.04 mm. in size. 


Cates UT 


ae 


~ 


< 
a odon 


Qw smypQ F 
< 


Que 


pei Be Ee 
Q 


»Boeaao 
> BROOe3H00 


Owe 


D 
E 
F 
B 
Ci 
(® 
D 
E 
F 
F’ 
G 
H 
I 


Je Se SE 


Bua 
aoaaB aoa 


i ~~ 
WH ROROOKHND CHBDWNNOSCOHHAPR RANND 


QO88 & 


< 


CWANDY ANRONANOCOa ANAGAAIH 
< 
Oo Bm 


AmovQagwW 


es 


THE SULPHATES. 175 


TaBLe 104.—Uranyl cesium sulphate: Cs,.U02(SOs)2 2H,O. Fluorescence at —185° C. 


Prepared by precipitating uranyl sulphate by adding cesium sulphate in calculated amount to 
form the double salt, which is very insoluble. The composition of the crystals is given as above 
by O. de Coninck (Chem. Centralblat, rx, 1, 1306, 1095). The preparation consisted of very 
small square plates about 0.01 mm. on a side, the largest of which showed an apparently, uniaxial 
negative figure. The crystals are therefore presumably tetragonal. 


Group Group 
and mM 1/uX103 | Int. and mn 1/uX103 | Int. “ORE 
series. series. 
2F 0.6129 1631.8 d. Ey . 5336 1874.2 d. 
EK 0.53821 1879.3 m. 
A .5989 1669.7 vd. F .5299 1887.0 s. 
B .5964 1676.7 vd. 53G .5276 1895.4 vd. 
Ci . 5939 1683.8 d. G’ .5261 1900.8 vd. 
3 @ .5916 1690.3 d. BY . 5239 1908.6 d. 
D . 5894 1696.6 vd. I .5228 1912.9 vd. 
Ei .5869 1703.9 vd. 
E .5850 1709.3 d. A .5189 1927.2 d. 
F .5825 1716.6 m. B .5168 1935.0 vd. 
Ci 5148 1942.5 vd. 
A .5695 1755.9 vd. C .5140 1945.7 m. 
B .5671 1763.4 vd. D .5118 1953.7 vd. 
Ci .5652 1769.2 d. nD .5110 1956.9 vd. 
C . 5636 1774.3 d. 63 Ey .5099 1961.0 d. 
D .5612 1782.0. d. E .5088 1965.5 m. 
4: Ey .5593 1788.0 d. F .5067 1973.6 vs. 
E .5574 1794.0 m. G .5047 1981.4 vd. 
F .5550 1801.7 s. G’ .5035 1986.1 vd. 
G ~b017 1812.5 vd. H .5019 1992.6 d. 
H .5490 1821.4 vd. I .5003 1999.0 m. 
I 5472 1827.4 vd. 
A .4970 2012.1 d. 
A .5434 1840.3 d. Cc .4920 2032.6 m. 
B .5410 1848 .3 vd. 7 D -4902 2040.0 vd. 
55 Ci .5390 1855.2 d. Ei 4888 2045.8 d. 
C . 5374 1860.8 m. E 4874 2051.6 m. 
D .5353 1868.0 d. F .4858 2058 .6 s. 


FREQUENCY INTERVALS OF THE FLUORESCENCE SERIES. 


The average frequency intervals of the various series, as derived 
from the foregoing tables, are given in table 105, together with the 
weighted average for each salt. It will be noted that the intervals of 
the single sulphate and the double salt of czesium are distinctly greater 
than the intervals of the other four sulphates. There is nothing 
fortuitous about these differences, for, as will be seen from the table, 
the different series for each salt have intervals within one frequency 
unit of the general average for that salt, with three exceptions. 

These exceptions are series C; in the ammonium and sodium double 
sulphates and G, in the ammonium salt. Such occasional apparent 
discrepancies are not uncommon in the fluorescence spectra of the 
uranyl salts. They are not due to accidental errors, but are probably 
ascribable to the complexity of bands having overlapping components 
the relative intensity of which in different portions of the spectrum 
varies progressively. Many such cases are known. A doublet ill- 
resolved and appearing as a single hazy band, the component of longer 
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TaBLE 105.—Average frequency intervals in the fluorescence spectra of the sulphates. 


Intervals. Weighted averages. 


Series. | 10,50, | (NHi)2U02(SO02 | NazU02(S0.)3 | KzU02(S0,)2 | RbsU02(SO,)2 Col Oe ees 


+3H,0. +2H,0. +2H20. +2H20. +2H:20 


Average] 85. 


wave-length being much stronger in the bands toward the red and 
dying away gradually in subsequent bands as we approach the blue, 
while the other component steadily increases, will give the effect of an 
increased frequency interval for the series. The increase might easily 
be of the general order observed in this case. 

There is also always the possibility of the presence of a trace of 
another uranyl compound which would yield additional series. Such 
cases, for example, are not uncommon in the study of the acetates, 
where an admixture of the single acetate occurs. 


ABSORPTION SPECTRA. 


The difficulties in obtaining a complete record of the absorption 
bands of the uranyl sulphates are similar to those described in the 
preceding chapters. The transmission, like that of the other uranyl 
salts, ranges progressively from almost complete transparency in the 
red, yellow, and green to a high degree of opacity in the ultra-violet. 

Large, clear crystals of the sulphates are not obtainable and there- 
fore it is not possible to use very thick layers and thus to follow the 
selective absorption far beyond the reversing region toward the red, 
as has been done in the case of the chlorides.1_ The bands which we 
were able to locate lie approximately between 2,000 and 2,600 fre- 
quency units. They belong almost exclusively to the system having 


1H. L. Howes. Physical Review (2), x1, p. 66. 1918. 
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the shorter frequency interval of 70+. A few end members of the 
reversing system, which presumably extends throughout the fluores- 
cence region, were discernible. Determinations were made in part by 
photographing the spectrum of the light transmitted by thin layers, 
in part by the method of reflection. 

In table 106 the frequencies of the bands in the spectra of the 6 
sulphates are arranged by series. Each series, as usual, is designated 
by a small letter corresponding to the capital letter which denotes the 
fluorescence series to which it is related. 

TasLeE 106.—Absorption spectra of uranyl sulphates at —180° C. 


5 Average 
Frequencies. tatesvall 
2056.8 2128.1 2800 Bie Ui hice tics ae ene ee 68.6 
2060.6 2202 R27 ete tecwa ct Boy ae Sasi 70.8 
2068.7 2140.5 eee erceeeeccobh, lalecelereyen 70.1 
QQUST Ss. Ho Ohcaaee Omi Clean’ - ater) lowornavereges 
2016.1 2081.2 2152.9) © oases |) OS seas 68.4 
U0.80,+3H,0. 2093.6 2160.3 Ce OSGi) Seahillcs meee eee 68.0 
hh 2029.9 QUO == Ee Sones Les 70.1 
fe 2102.6 2236.9 D3 TONOMe le em ree Leelee 70.1 
5 4 2035.8 ZLOZ EG. we aryaitan 1 aS tee | toushersie. ohicrcpstarerere 
hy 2045.8 2115.9 2186.7 DO Dian ©) ate 70.3 
h Z2GOSALT secicrecue.) | oueveqvens Sic ies eer ae | betetevciexs oe coadeno nares 
General! average vise cscs cccticac cto vie reise cee es 69.6 
a 2061.2 2135.3 2205.8 227 OR Sue | ose as (AUS? 
b 2072.5 DAZ ae ae i elewie ne earsre Needs 69.9 
c 2082.8 2155.1 2226.2 2295.2 2510.0 GA..2 
dy 2016.5 (R)2199.8 2263.0 2409.6.) priestess 69.9 
é 2096.0 220002 2305.7 pV. 8 We Se ae 69.6 
e 2031.8 AAS On i dhavatonsiseuers Mu covcyserrcel Geum otieneiskee 69.5 
a. fi | 2244.4 2315.6 2383.3 2524.0 2595.4] 70.2 
+2H20. ig Q1IOTaG 2178.7 2250.0 PY Nay: Sips am Nt Aa 69.3 
if 2039.6 2253.8 2323.8 2392.0 2464.0 | 70.4 
A eeae rn hee pie ORNS cereleawe | nv ohatcve 2532. Ou acme 
n 2044.0 2116.0 DEST MBE LUST thom Lachree 71.5 
g 2330.5 2401.0 DRA (5) aan tale bad Sereteas 70.2 
h PAGE 2198.8 2236.0 2409.6 2477.1 70.3 
SOS Me No eed see eka een 254945 |e 
Generallaveragecracicx cis olenlcia sce ese are ooaarers 70.3 
a 2OCORD aa eaceeh ewes | ict isiamhh Bikeccsoisiet a’ acesetessiene. | etceeneamee 
a’ 2144.5 POP AV We ete SE th ina ia Bel we Oe rer nr 70.2 
b 2080.8 DDS spe Sie ce acd Oh Sos aaa | Dactbenecors 72.5 
c 2093.7 2306.8 ZOU sO Macfie ees alah 70.5 
dy DIBTASEE Birtcchite as Cantos ote ok Stace ete cre eee 
d 2172.5 2243.8 2314.8 PB elive  TAS Gree: 71.0 
Na,U02(SO,)2 Ss aoe 2107.5 2 ZOO es heretic 7 meted tena ers 71.4 
2H,0. Seat MSL NT er, Seip eloe p. Cate arehon: [ex ciel 
ih 2043.9 2114.3 DURA on ein ors task pe cbutiets 70.3 
an 2050.0 2120.3 2200s Aad wrerenistersicab le ekinerole 70.1 
g DSVOOSUR Saye atc cei | mente, heed, LD eteststere | [leone otros 
alt DOSE? Tecmiiicie ca ley deel cGssoleyel a ALG evecare, BL idecs ieiterarauls| cneveretonerens 
OOD ADan eet eeu crests eran Cactesisick tk loxe ee eiereg \teteene eeatee 
h 2063.4 2128.6 ZTOO Oe aia chats Pee aectecare wind 
WV’ 2135.2 LU AMY (nto CcMRIS Re Gee UDROVER Ot, ot) BRDU eR Ca (PT 
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TaBLE 106.—Absorption spectra of uranyl sulphates at —180° C—continued. 


Salt. 


K,U02(SO,)2 
+2H,0. 


Rb2U02(SO4)2 
+2H20. 


Cs2UO2 (SOa)2 
+2H,0. 


Series. 


DOR MAIBONTONWWRAOYNRH 


6 
2 
8 
3 
9 
2 
5 
4 
2 
2 
6 
9 
3 
4 
5 
9 
5 


Frequencies. 

AOE anne aus ll) Saree i Mm Is ometeaete 
2136.4 2204.6 2276HO) vada dae 
234K 0. co tvrcasneeh | Baveoiderdtes oueete 
ZSOSA0~ - jaistetie®  ceietesitienty, Emmeiie cies 
ZQBOE AI” WEIL STIS. Tea ee 
YC | COP cere Se (year any © Se be 
9307\0, | 2370.8 ft. .coee cee. 
wolgek 2385.0 kre dese 
2106.8 QIAG AT ew. wie ceed ares 
2109.3 2179.4 2248 .2 2390.6 
2188.5 2256.7 2393.7 ...... 
2266-5 i ee be pee ae cae 
General ‘averize: foto cae ation cee 
2136.6 2205.7 QITD cL) sass 
Ey pea? VERE Mal (i RG 
2006.2. 2375.1 2449.8 ...... 
2307.3 QBS lw, Leaded h irene 
oi7aty -\ songig fc Wan eee 
210726 oxas ee Lee Meee 
2109.7 2179.4 2385.7 ose 
2322.0 230 LS gas b eocnkoee LP spies 
2117.7 2187.7 2256.7 2325.8 
2267.3 2340.8 24085 ...... 
General’ average. oackaic tis ete Sine cere 
2165.4 2236.9 2375.9 2445.0 
251750 

2106¢4—. cae eel ae et tere 
2261.0 2329.6 2399.8 2471.0 
neha tene waeeed 2542.8 2613.4 
2130.8 220056 Fe. Vite acinar Eee ee 
22066 ~ 2070 Bs indies Pane 
2143.6 2215.8 2300.1 2426.9 


Average 
interval. 
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TaBLE 107.—Average frequency intervals for the six sulphates. 


K_UO2(SOa)2 
(NH4)2U02(SO4)2 ; RB2U02(SOs)2 


Na2UO2 (SO4)2 . Cs,U02(SO4)2 


As is frequently the case in these absorption spectra, one or more 
bands of a given series are commonly missing or at least not discerni- 
ble in the negatives. On the other hand, nearly all the bands are 
found to be members of a series which is definitely related to a fluores- 
cence series and has the proper frequency interval. The occasional 
isolated bands, moreover, are so located that they may be definitely 
associated with a fluorescence series and mayreasonably be classed as the 
sole visible member of an absorption series the remainder of which 
fails to appear in our photographs. 

These show no systematic departure from the general average (70.3) 
for the entire group. Lying as they do within one frequency unit of 
the average, we may fairly conclude that within the errors of observa- 
tion, which are rather large on account of the lack of definition and 
incomplete resolution of these absorption groups, the various sulphates 
have a common frequency interval. 

The frequency intervals of the various series of a given salt depart 
somewhat more widely from the average for that salt, but again there 
is no systematic variation, and it is probable that all the series would 
be found to have the same interval, were it possible to locate the bands 


with greater certainty. 
SUMMARY. 


(1) The fluorescence spectrum of the uranyl sulphates consists of 
8 equidistant bands, the first and eighth of which disappear at the 
temperature of liquid air. 

(2) The remaining bands are resolved into groups of narrow line- 
like bands, the homologous members of which form series having 
constant frequency intervals, ranging from 85.7 in cesium uranyl 
sulphate to 83.0 in potassium uranyl sulphate. 

(3) The fluorescence groups are distinguished by a strong pair of 
bands about 8 frequency units apart and 7 weak bands, some of which 
are doublets. 

(4) There is a shift of all bands toward the violet, with increasing 
molecular weights, of about 15 frequency units in passing from the 
spectrum of uranyl sulphate to that of caesium uranyl sulphate. 

(5) The absorption spectra of the sulphates are made up of series of 
bands having a frequency interval of 70.3 (general average). 

(6) These absorption series extend into group 7 of the fluorescence 
without break of interval. There are many reversals where fluorescence 
and absorption overlap. The reversing region is therefore one group 
farther toward the red than in most spectra of the uranyl compounds. 


X. THE FLUORESCENCE OF FROZEN SOLUTIONS. 


The fluorescence spectra of solutions generally consist of only one 
or two very broad bands. Such bands undoubtedly possess component 
bands in considerable number, but spectrum analysis often fails to 
reveal them because of extensive overlapping. Chlorophyl] in alcohol 
possesses a series of absorption bands! which resemble the absorption 
bands of the uranyl solutions. The very broad fluorescence band in 
the orange and red probably consists of several components which 
form a similar series. Anthracene in solution’ presents a fluorescence 
series of at least 4 bands which strongly resembles the series found in 
the fluorescence spectra of uranyl] solutions. 

Probably the first observer to note the fact that uranyl solutions 
yield fluorescence spectra consisting of several bands was G. C. Stokes.’ 
He states that ‘“‘a solution of nitrate of uranium is decidedly sensi- 
tive,’ 2. e., fluorescent. Later, in the same paper, he writes ‘‘I have 
observed seven of these bands arranged at regular intervals.” E. 
Becquerel,* in his monumental work on the uranyl salts, makes this 
observation: 

“Certain solutions of the salts of uranium give, in the violet rays, a luminous 
emission scarcely less brilliant than the crystals themselves . . . . several 


[bands] appear to correspond to the bands given by the solid salts; the sul- 
phate and the double sulphate of potassium and uranium are in this class.” 


In the same year Hagenbach,° who was studying many fluorescence 
materials, observed that the uranyl oxide in nitric acid shows 8 very 
sharply outlined maxima in the fluorescence spectrum. Morton and 
Bolton® studied the absorption of the uranyl solutions and noted the 
fluorescence. These investigators were the first to recognize the 
possibility of the existence of more than one hydrate of the same salt, 
which, they state, ‘enables us to explain some discrepancies of authori- 
ties on this point.’ Our present work has brought out the necessity, 
of such a hypothesis. Jones and Strong,’ following the same method 
as Morton and Bolton, have published the most extensive data on the 
absorption spectra, but their work does not include temperatures 
below the freezing-point. 

This chapter contains the results of experiments which were de- 
scribed in two papers, together with some additional data heretofore 
unpublished. The first, a preliminary paper,® showed that the bands of 

1 Nichols and Merritt. Carnegie Inst. Wash. Pub. No. 130, p. 85. 1910. 
2 Louise MacDowell. Physical Review (1), 26, p. 155. 1908. 

3Stokes. Philosophical Transactions, p. 463. 1852. 

4E. Becquerel. Comptes Rendus, 75, p. 296. 1872. 

5 Hagenbach. Poggendorf Annalen, 146, p. 582. 1872. 

6 Morton and Bolton. Chemical News, pp. 113, 164. 1873. 


7 Carnegie Inst. Wash. Pub. No. 130. 
8 Nichols and Merritt. Physical Review (2), 3, p. 457. 1914. 
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the solutions, even at — 180°, resembled in breadth and regular spacing 
those of the solid salts at room temperature. The uranyl acetate in 
alcohol proved to be the exception, since at —180° it resolved into 
faint lines, which did not, however, coincide in position with those of 
the solid acetate at that temperature. 

The variety of shifts with systematic dilution and temperature 
change led to the second investigation,' in the hope that some general 
law of shift might be deduced. It was also planned to study the funda- 
mental relations between concentration and frequency interval, 
temperature, and state of resolution, etc. With these relations in view 
much work was done which led to the discovery of many beautiful 
and unique spectra. 

EXPERIMENTAL METHOD. 


For the study of the spectra, except where otherwise specified, a 
Hilger constant-deviation spectrometer was used. 

The apparatus for the cool- 
ing and excitation of the sub- 
stances under observation 
was designed to enable the 
observer to hold the tempera- 
ture of the specimen con- 
stant at any temperature 
between 0° and —180° C. 
The mounting consisted of a 
cylindrical copper block M 
(fig. 90), the top of which 
was bored to receive a small 
test-tube F, which contained 
the fluorescent solution. The 
side of the block was 
channeled to let the exciting 
light fall on the specimen and 
to let the fluorescent light 
out. To the bottom of this 
copper block was soldered a 
cylinder of sheet copper, 
which could be partially or 
completely covered by the 
liquid air in the unsilvered 
Dewar bulb D, thus produc- 
ing different temperatures in 
the specimen. This mount- 
ing was rigidly suspended 
from above by partially non- Fic. 90. 

1 Howes. Physical Review (2), vol. 6, p. 193. 1915. 
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conducting material. The Dewar bulb was fastened to an adjustable 
support #, and the mounting could be submerged in the liquid air 
to various depths by raising or lowering the bulb by means of a cord R. 

Fluorescence was excited by the rays from a carbon arc A. The 
light passed successively through a water-cell W’, a large short-focused 
condenser C, and a solution of ammonio-copper sulphate B. This 
solution absorbed all of the exciting light of a wave-length greater 
than 0.4780 uw, so that the fluorescent light, which entered the colli- 
mator slit S of the spectrometer, could be viewed on a black back- 
ground. A small resistance coil 7’ was inserted in a glass tube, which 
was always placed in the middle of the solution. The temperatures 
were recorded on a Callender recorder. The massive copper block M 
served to reduce the vertical temperature gradient in the frozen solu- 
tion to less than 1° per centimeter. It made the apparatus rather slow 
in responding to changes, but afforded an excellent control of tempera- 
ture. 

The salts were carefully weighed and ‘‘normal”’ solutions were 
prepared.! Acid solutions were made by adding a definite volume of 
the commercial concentrated acid to a definite volume of a water 
solution of known concentration. 

Although readings were taken and tables made in units of wave- 
length, the diagrams of spectra are plotted on an arbitrary scale of 
frequencies, 2. ¢., 1/u X 10°. 


URANYL SULPHATE IN AQUEOUS SOLUTION. 


The uranyl sulphate in water, upon excitation with the carbon are, 
yields 4 bands at +20° C.; but when cooled 6 bands are visible, the 
new bands being of longer wave-lengths. This phenomenon—increase 
of intensity with cooling—is a very fortunate one, for otherwise the 
study of the more dilute solutions would be limited to the lowest 
temperatures. In table 108 will be found the bands of the 1/1, 1/10, 
1/100, and 1/1000 normal aqueous solutions. In the spectrum of the 
1/1 normal solution band 7 is at 0.4927 uw at +20°, which is of interest 
because the crystalline salt was found to give a fluorescence band at 
0.4925.” 

If a reasonable error is assumed, these bands may be considered to 
be coincident. In this region they are approximately 75 A.u. in width; 
hence measurements were taken on the crest rather than on the middle 
of the band, the crests being located slightly nearer the violet edge. 

The absorption spectrum? of the normal solution presents a band in 
this region at 0.4910, which is 17 4.v. nearer the violet than the fluores- 

1 The term ‘‘normal’’ solution, as used in this paper, means one which contains the same num- 
ber of grams of solute to the liter of solvent as the number which represents the molecular weight 
of the particular salt dissolved. 


2 Nichols and Merritt. Physical Review (1), 33, p. 354. 1911. 
3 Jones and Strong. Carnegie Inst. Wash. Pub. No. 130, p. 109. 
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vence band. Jones and Strong employed the continuous spectrum of 
the Nernst lamp, which produces fluorescence in this region. Such 
luminescence, although masked by the more intense background, 
tends to shift the crest of the absorption band toward the violet. 

A comparison of the wave-lengths of the bands of the solid with 
those of the solution indicates a progressive difference. When the 
spectra of the solution and of the solid are plotted in frequency units, 
either is found to include only one series of bands, those of the solution 
being of a slightly smaller interval than those of the solid. 


‘TaBLE 108.—Uranyl sulphate in water. 


Solution and temp. | Band 2..| Band 3. | Band 4. | Band 5. | Band 6. | Band 7. 


0.5641 

.5641 : . : e 
.5641 
Normal ; A .5637 
solution. .62 F .5635 
. 5634 
. 5634 
. 5636 


.5636 
.5631 
1/10 : .5629 


normal ; .5621 
solution. 5 . 5624 
.5629 
.5633 


.5633 
.5634 
-5631 
. 5629 
-5631 
.5638 


1/100 
normal 
solution. 


1/1000 .5583 
normal 5574 
solution. .5574 


!The numbers by which unresolved bands are designated in this and the following tables 
correspond to the group numbers used in previous chapters, since each band corresponds to a 
group in the resolved spectra of the crystallized salts. 


In figure 91, band 5 is seen to shift with falling temperature toward 
the violet, the shift amounting to 13 A.u. when a temperature of 
—100° is reached. With further cooling to —180° the band shifts back 
toward the red. It would be interesting to ascertain whether this shift 
toward the red would continue with further decrease in temperature. 
The other bands of the normal solution behave similarly with falling 
temperature, 7. e., the entire spectrum undergoes a shift to the violet, 
followed by a reverse shift to the red. The wave-lengths of the bands 
at —180° are approximately the same as the wave-lengths at —60°. 
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Jones and Strong discovered a shift of 15 A.u. toward the red for 
the absorption band of wave-length 0.4910 when the temperature of 
their solution was raised from +5° to +84°. Our fluorescence band 
at 0.4927 shifts in the same direction, with a rise in temperature from 
—90° to +20°. 

H. Becquerel believed that any modification of the absorption 
spectrum is accompanied by a similar change in the fluorescence spec- 
trum, and these shifts lend strength to his generalization. 

A brief study of the fluorescence spectra of the 1/10 and the 1/100 
normal solutions at different temperatures indicates that a similar 
temperature shift occurs. 


-60 


J 
-120 


Fig. 91.—Uranyl] sulphate—Temperature shift. 


(1) 1/1 normal, aqueous: (2) 1/19 normal, aqueous: (3) 1/100 normal, aqueous; (4) 40 c.c. 1/10 normal, 
aqueous to 1 c.c. sulphuric acid; (5) 1 ¢.c. 1/10 normal, aqueous to 1 ¢.c. sulphuric acid. 


The increase in the amount of solvent produces a shift of the spec- 
trum toward the violet. For example, band 7 at —90° shifts as fol- 
lows: in the 1/1 normal solution the wave-length is 0.4919, in the 1/10 
normal 0.4910, in the 1/100 normal 0.4907, in the 1/1000 normal 
0.4904 wu. 

The 1/1000 normal solution shows a spectrum which is very strongly 
shifted toward the violet. The above comparison of the wave-lengths 
of band 7 fails to indicate the shift of the spectrum, because it is accom- 
panied by a marked decrease in interval, while of all the bands, number 
7 is the least shifted. For example, band 4 of the 1/1000 normal at a 
temperature of —90° is of wave-length 0.5583, while band 4 of the 
1/100 normal at —90° is of wave-length 0.5631 units. Bands 5, 6, and 
7 show progressively less variance in wave-length with the correspond- 
ing bands of the 1/100 normal solution because of the shorter frequency 
of the 1/1000 normal interval. Measurements of these spectra plotted 
on a frequency scale indicate that while the bands are spaced by about 
85.7 units in the 1/1, 1/10, and 1/100 normal solutions, the 1/1000 
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normal bands are of only 82 units interval. (See table 109.) This may 
be due to a change in the ionization with dilution. 

To ascertain whether the rate of cooling caused a change in the 
spectra, a solution was suddenly plunged into liquid air and excited to 
Measurements were then taken on the bands, but no 
change in wave-lengths was observed. 


fluorescence. 


TaB LE 109.—Uranyl sulphate in water. Frequencies and average intervals of fluorescence bands. 


4 9 1 8 13 

ITEGueNCIES | iS) | see cn Vale EEN es 1685.2 | 1686.9 | 1688.3 | 1688.3 | 1688.0 | 1688.0 

in normal }4 | 1772.7 | 1772.7 | 1772.7 | 1773.9 | 1774.6 | 1774.9 | 1774.9 | 1774.3 

solution. 5 | 1857.7 | 1857.7 | 1857.7 | 1860.1 | 1862.2 | 1862.2 | 1861.2 | 1860.5 

6 | 1944.4 | 1945.1 | 1945.1 | 1946.7 | 1948.9 | 1948.2 | 1947.0 | 1945.5 

7 | 2029.5 | 2030.0 | 2029.6 | 2030.9 | 2032.9 | 2032.9 | 2032.1 | 2030.0 

Average int.. 85.6 85.8 86.1 85.1 85.4 85.6 85.7 85.5 

Da aes EASE cai ieeteeeesaws Oe lobeh Reis. cai] Brat MTout Ge liorte toda vara rats ataveeis 1605.6 | 1604.9 

HM OQUeNCIES) {3.2 seielee sc |S cela lg ete 1691.8 | 1693.8 | 1693.8 | 1690.0 | 1688.9 

in 1/10 ANGE Once c's eet 1775.9-| 1776.5 | 1779.0 | 1778 | 1776.5 | 1775.8 

normal Sa Lo Ons | emer sae 1861.2 | 1862.9 | 1864.3 | 1863.9 | 1863.3 | 1861.9 

solution. 61 p1945.29 | eek ores’ 1947.0 | 1949.3 | 1951.2 | 1950.5 | 1949.3 | 1948.2 

lm b20S3555| tases 2035.4 | 2036.2 | 2086.7 | 2037.1 | 2035.4 | 2034.2 

Average int.. S6e3 2 | sce lc ct 86.5 86.1 85.7 85.8 86.0 85.9 

Prequencies |S the ste sae | Sale etc ee aise Becaar a wee See ae 1688.0 | 1686.9 

in 1/100 ee W orcas teas eter evegsa cee 1775.3 | 1774.9 | 1775.9 | 1776.5 | 1775.9 | 1773.7 

normal Liat SIRES REL RT Utes POURS 1861.2 | 1861.2 | 1862.9 | 1863.9 | 1862.9 | 1862.3 

solution. GeV arcrentgebene.s lteiexstenetaneie 1947.4 | 1949.7 | 1951.2 | 1950.8 | 1949.7 | 1948.6 

(fia hepa LAPRAl rere acre eG 2035.4 | 2036.2 | 2037.9 | 2037.9 | 2037.1 | 2036.2 

PAV ETAGE Ibi) loners sects ltt essere 86.7 87.1 87.3 87.1 87.3 87.3 

PURORUCH CLOSE GS |g A ci'castaless | aie resos setenel| Pievarsceye eealie @kevoumene:s 1791.2 | 1794.0 | 1794.0 | 1794.0 

BEET / OOO MED tlre tre cre bl are wee cell cotustnrets at iskens Miosiahs 1876.2 | 1878.3 | 1870.9 | 1870.9 

normal GUllieters recs lsrtistere eran | t neredenes sl erere,e lysis 1960.0 | 1961.9 | 1958.9 | 1958.9 
solution. Teco irene satiate ate teceilitiegecarere ote lear ee ec 2089.4 | 2039.4 | 2087.1 ]........ 

FAV OLAS ONITIL oieillave ie lel ote | (Sore eae,airell eiterede aust eveilssus) 'sye.s.6,> 82.7 81.8 81.0 82.4 


URANYL SULPHATE MIXED WITH SULPHURIC ACID. 


It has been observed that the bands of the aqueous solutions move 
toward the violet with progressive dilution with water; hence it was 
of considerable interest to ascertain the effect of dilution with sul- 
phuric acid. 

The addition of one volume of acid to 40 volumes of the 1/10 normal 
aqueous solution (table 110) produces a negligible effect, but a mixture 
of equal volumes shifts the bands back toward the red, in fact, the 
wave-lengths of the bands at +20° are longer than those of the normal 
solution—aqueous. This can be discovered from a comparison of the 
wave-lengths of the 1/10 normal solutions with those of the normal 
solutions in tables 108 and 110. The effect is not evident at low tem- 


186 FLUORESCENCE OF THE URANYL SALTS. 


peratures, because the spectrum of the 1 to 1 acid solution persistently 
shifts toward the red instead of reverse shifting at —100° (see fig. 91). 
The frequency interval remains unchanged, with a proportionately 
large acid dilution. 


Tas LE 110.—Uranyl sulphate in sulphuric acid. 


Temp., ete. Band 2. | Band 3.| Band 4. | Band 5. | Band 6. | Band 7. 
ea 10 uLS caters Gene 0.5634 | 0.5376 | 0.5140 | 0.4931 
o> | Viera bias Bh 0.5929 .5635 .5376 .5139 .4928 


40 c.c. of 0.1 normal aque-| — 60° | 0.6238 .5924 .5631 AGS R} -5135 .4919 
ous solution with 1 c.c.; — 90° .6224 .5910 5621 .5365 .5129 .4919 
of acid. —120° .6226 .5914 5625 . 5362 .5126 .4920 

—150° . 6234 .5918 .5627 .5365 .5128 .4925 
—180° .6242 .5919 .5630 .5367 .5130 -4925 


= 20SE| A. Rete .5945 .5657 .5388 .5149 .4921 

— 30° .6246 .5935 .5640 .5376 .5139 .4916 

1 c.c. of 0.1 normal aque-| — 60° -6231 .5921 .5630 .5368 .5133 .4911 
ous solution with 1 c.c.4 — 90° .6215 .5906 .5616 -5359 .5124 -4905 
of acid. —120° .6199 .5893 .5608 .5348 .5114 -4898 
—150° .6203 .5893 .5607 .5347 .5113 .4897 

—172° -6203 .5890 .5602 -5345 .5109 .4893 


Taste 111.—Uranyl sulphate in sulphuric acid.—Frequencies and average intervals of 
fluorescence bands. 


+10° 


Frequencies of 40 c.c. of 3 


0.1 normal aqueous 
with 1.0 c.c. of acid. 


Frequencies of 1 c.c. of 
0.1 normal aqueous 
with 1 c.c. of acid. 


WOOHOO 


for) 
oo 
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URANYL POTASSIUM SULPHATE IN WATER. 


The spectra of the aqueous solutions of uranyl potassium sulphate, 
like those of uranyl sulphate, consist of a single series of bands. 

The temperature shift of the more concentrated solutions, e. g., the 
1/15 and 1/150 normal, is at first toward the violet, followed by a 
reverse shift toward the red. The wave-lengths of the bands of the 
aqueous solutions are recorded in table 112. It will be seen that the 
shift toward the red is more marked than in the uranyl sulphate solu- 
tions. (See also fig. 92.) 
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The 1/1500 and 1/15,000 normal solutions yield bands which present 
a hazy appearance, lacking the pronounced crests of the more con- 
centrated solutions. For this reason the readings of such wave- 
lengths are more likely to be in error. The same tendency to first 
shift toward the violet and then shift toward the red is evident. 


TaBLE 112.—Uranyl potassium sulphate in water. 


Solution and temp. | Band 3.| Band 4. | Band 5. | Band 6. | Band 7. 


0.53888 | 0.5154 | 0.49382 
.5387 -5152 4928 
1/15 ; j . 5386 .5148 4926 
normal 5 .5386 .5148 -4927 
solution. é : . 5386 .5148 
.5387 .5149 
.5393 .5154 
.5406 .5166 


.5398 .5155 
5391 .5153 

1/150 .5388 | 5152 
normal ‘ .5393 5153 
solution. ; .5394 Polp2 
.6403 .5166 
5411 .6171 


.5378 .5147 
-5368 -5149 
.5373 .5149 
-5382 .5152 
.5382 .5152 
.5385 .5153 


1/1500 
normal 
solution. 


2 .5257 .5038 

1/15000 ; .5338 .5027 
normal 3 .5233 -5021 
solution. é .5234 .5020 
.5235 .5021 


The frequency interval, as may be seen from table 113, suffers a 
marked change with dilution. The 1/15 and 1/150 normal solutions 
show spectral series of 86.8 and 85.5 average interval respectively, 
the 1/1500 series of 83.4 units, the 1/15,000 series of only 80.2 units. 
The 1/1500 series undergo marked increase of interval on cooling. 

The bands of the 1/15,000 normal are so greatly shifted that they lie 
approximately in the middle of the intervals between the bands of the 
1/1500 normal solution. Such a ‘‘shift” of the entire spectrum must 
be due to a marked change in the molecular arrangement; hence it can 
hardly be designated as a shift of the 1/1500 normal spectrum. Pre- 
sumably a new hydrate has been formed by the freezing of the 1/15,000 
normal solution. 

The 1/150,000 normal solution gave a spectrum which was too dim 
to permit of measurement, except at the lowest temperatures. From 
the three bands which are visible, it appears that the frequency interval 
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‘is approximately 77 units. If so, it is the shortest frequency interval 
yet discovered in the fluorescence of the urany] salts. 

A comparison of the location of the bands of the solid potassium 
sulphate with those of the 1/15 normal solution shows that the bands 
of the solutions are from 12 to 40 A.v. nearer the red, according to their 
wave-lengths. 


URANYL POTASSIUM SULPHATE IN SULPHURIC ACID. 


The addition of sulphuric acid in moderate proportions to the 
aqueous solutions of the potassium sulphate increases the intensity | 
and improves the resolution of the bands. 

A solution of the 5 c.c. of 4/15 normal aqueous solution to 1 c.c. of 
acid was subjected to the cooling process. In figures 92 and 93 and 
table 114 the shifts will be observed. Band 5, which is typical of the 
other bands, shifted toward the violet by 21 A.v. at —120°, and then 
shifted 6 A.u. toward the red at —180°. 


° 
-120 


° 
-180 


$400 $300 $400 $390 $390 $370 $390 $370 3260 


Fig. 92.—Uranyl] potassium sulphate—Temperature shift. 


(1) 1/15 normal, aqueous; (2) 1/150 normal, aqueous; (3) 1/1500 normal, aqueous; (4) 5 ¢.c. of 4/15 normal, 
aqueous to 1 ¢.c. sulphuric acid; (5) 1 ¢.c. of 4/15 normal, aqueous to 1 c.c. sulphuric acid. 


$26 $3 


The addition of acid in larger proportion—1 c.c. of acid to 1 ¢.c. of 
4/15 normal solution—resulted in a spectrum which shifted toward the 
violet in a peculiar fashion with each decrement of temperature. (See 
curve No. 5 of fig. 92.) The total shift of band 5 amounted to 42 A.v. 

Further dilution with acid, e. g., 20 c.c. of acid to 1 ¢.c. of solution, 
resulted in another broad-banded spectrum at +20°. With cooling, 
however, partial resolution occurred. This is best observed in figure 
94, where several narrow bands appear in the regions formerly occupied 
by the broad bands. Homologous components are lettered a, b, and c. 

Still greater dilution—50 c.c. of acid to 1 ¢.c. of aqueous solution— 
produced a spectrum which passed through the same development; 
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* UR. POTASSIUM SULPHATE IN SULPHURIC ACID. 


Taste 113.—Uranyl potassium sulphate in water.—F requencies and average intervals of 
fluorescence bands. 


Frequencies 
in 1/15 
normal 

solution. 


NO OP 


Average int. . 


Frequencies 
in 1/150 
normal 
solution. 


Average int. . 


Frequencies {4 
in 1/1500 
normal 
solution. 


Average int 


Frequencies [4 

in 1/15000 J5 
normal 
solution. 


eo 


Average int 
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ié UR.POTASSIUM SULPHATE IN SULPHURIC ACID. 


hence it is clear that the presence of sulphuric acid in excess is essential 
to resolution of this type. 

The homologous components formed frequency intervals which were 
constant and of the same length as those of the parent bands;7. e., the 
homologous components form separate series. 


TasieE 114.—Uranyl potassium sulphate in sulphuric acid. 


Temp., etc. Band 2. | Band 3. | Band 4. | Band 5. | Band 6. | Band 7. 


0.5392 | 0.5150 
. 5388 .5150 


— 30 ‘ .5382 5145 
5 c.c. of 4/15 normal aque-| _ 5379 5142 


ous solution with 1 c.c.) _ ; : 5377 5142 


of acid. .6371 .5136 
.5373 .5139 
.5377 5141 


-5385 .5141 
.5378 .5142 
.5374 -5136 
.5364 -5131 
.5362 .5127 
.5350 .5117 
.5347 .5113 
-5343 .5107 


1 c.c. of 4/15 normal aque-| _ 
ous solution with 1 c.c.y _ 
of acid. 


Temp., etc. 


0° 
— 30° 
1c.c. of 4/15 normal aque-| — 60° 
ous solution with 50 ¢.c.; — 90° 
acid. —120° 
—150° | . : 2 : 
—180° |. -5634|0.5401) .5376| .5151 
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TaBLE 115.—Uranyl potassium sulphate in sulphuric acid.—Frequencies and average 
intervals of fluorescence bands. 


Band, etc. 


Frequencies 


of 5 c.c. 
4/15 normal ¢4 mG 


aqueous with d 7 | 1943.6 
lc.c. acid. : 2027.2 | 2029.6 


85.8 85.7 


E 2 5 1605.9 
Frequencies ‘ : } 1690.6 


of 1 c.c. 
4/15 normal E c : 3 ee 


aqueous with 4 : ; 
1950.5 
1 c.c. acid. ; ’ , 2037.5 


Band, etc. 


1676.2 | 1675.6 


Frequencies 1766.5 | 1767.1 


of 1 c.c. 
4/15 normal 
aqueous with 
50 c.c. acid. 


89.8 90.0 90.6 
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The effect of dilution with acid at one temperature is given in table 
115. The —180° spectra of the 4/15 normal aqueous solution with 
varying proportions of acid are shown in figure 95. With the addition 
of acid the bands at first move toward the violet without resolving, then 
become stationary in position, and finally resolve. The ratio by 
volume of aqueous solution to sulphuric acid is given for each spectrum. 
The shift is not the same for the different bands, because the frequency 
interval, beginning with about 85 units for the aqueous solution, 
increases with increase of acid component to about 90 units in the 50 
parts acid to 1 part water solution. With the exception of the two 
resolved spectra, the bands are too diffuse to permit of satisfactory 
intermediate measurements on the frequency intervals. Dilution with 
acid has undoubtedly increased the interval by 5 units, whereas dilu- 
tion with water decreased the interval by 8 units. 


URANYL CHLORIDE IN WATER. 


The absorption spectrum of the chloride is of particular interest, 
since Jones and Strong first located absorption bands! in the fluores- 
cence region in an aqueous solution of this salt. Observations by the 
authors on the transmission spectrum of several crystals of the uranyl 
double chlorides of potassium, ammonium, rubidium, and cesium have 


TABLE 116.—Uranyl chloride in water. 


.| Band 2. | Band 3. | Band 4. | Band 5.| Band 6. | Band 7. 


Solution and temp 


— 97° | 0.6247 | 0.5935 | 0.5639 | 0.5383 | 0.5142 | 0.4927 


Ba 4a —120° .6250 .5940 - 5644 .5379 -5140 .4925 
aclenon —150° .6254 .5939 .5644 .5379 .5139 -4925 


—180° -6255 .5939 -5645 - 5386 .5143 -4926 


— 90° .6245 .5931 .5643-|  .5382 .5141 -4926 
—120° . 6246 .5935 .5643 . 5382 .5142 -4929 
—150° .6252 .5936 .5643 .5382 .5141 .4926 
—180° .6252 .5934 .5642 . 5382 .5141 .4926 


1.5 
normal 
solution. 


neal | 120° | -6249 | (5936 | .5646 | .5386 | 15144] 4923 
norma’ {150° | 16251 | 15933 | .5646| 5385 | .5143| 4924 


—180° .6254 .5936 -5645 .5382 .5144 .4926 


=) (OSE | sverererkeuns .5941 -5645 -5382 .5144 .4923 
—120° .6253 .5942 .5647 .5381 .5141 .4923 
—150° .6254 .5939 . 5649 -5381 .5142 .4923 
—180° .6252 .5935 


0.05 
normal 


E 90° . 6236 .5938 . 5648 .5385 5146 .4926 
solution. | 


- 5646 .5382 .5144 .4924 


resulted in the discovery of absorption bands in the same region. The 
view held by Jones that the fluorescence spectrum is a continuation of 
the absorption spectrum is to be gravely doubted, for while the chloride 
solution shows a fluorescence band at 0.4926 and Jones has established 
the position of an absorption band at 0.4920, none of the other bands 


1 Jones and Strong. Carnegie Inst. Wash. Pub. No. 130, p. 90. 
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located by him at 0.6070, 0.6040, 0.6020, 0.6000. 0.5200, or 0.5185 
coincide with a band of the fluorescence spectrum. Furthermore, it 
has previously been indicated that often the last band of a fluorescence 
spectrum coincides fairly well with a strong band in the absorption. 
It has also been shown in our study of the fluorescence and absorption 
spectra of the crystalline salts (see Chapters III to IX) that the interval 
between the absorption bands, although constant, is much smaller 
than that between fluorescence bands. 

The bands of the chloride in solution are separated by a very black 
background, but are so dim that cooling to —90° is necessary before 
measurements can be made. The bands continue to increase in 
brightness as the temperature is further decreased. 

The temperature shift between —90° and —180° is toward the red 
in the spectrum of the 3.0 normal solution. The measurements on the 
chloride, to be found in tables 116 and 117, indicate that difficulty is 
experienced in locating the positions of the bands. The remarkable 


T ase 117.—Uranyl chloride in water—Frequencies and average intervals, fluorescence bands. 


2 : 0 0 a 

Frequencies |3 9 5 8 8 
in 3.0 DVN OME T BSc: 5 PO IPAC A betes | DUP Le total ea le é7fs Uc) 
normal 5 | 1857.7 | 1859.1 | 1859.1 | 1856.7 
solution. 6 | 1944.8 | 1945.5 | 1945.9 | 1944.4 
7 | 2029.6 | 2030.5 | 2030.5 | 2030.0 

AV ING. bree 85.8 86.1 86.3 86.3 

2 | 1601.3 | 1601.0 | 1599.5 | 1599.5 

Frequencies |3 | 1686.1 | 1684.9 | 1684.6 | 1685.2 
in 1.5 AM on Leeda Go ne Late L updn is A 
normal 5 | 1858.0 | 1858.0 | 1858.0 | 1858.0 
solution. 6 | 1945.1 | 1944.8 | 1945.1 | 1945.1 
7 | 2030.0 | 2028.8 | 2030.0 | 2030.0 

Avent cts ayers 85.7 85.6 86.1 86.1 
2 | 1603.6 | 1600.3 | 1599.7 | 1599.0 

Frequencies |3 | 1684.1 | 1681.8 | 1685.4 | 1584.6 
in 0.5 ANMUT (OPO Wehailee (ols @k 25) Live 
normal 5 | 1857.0 | 1856.7 | 1857.0 | 1858.0 
solution. 6 | 1948.3 | 1944.0 | 1944.4 | 1944.0 
7 | 2030.0 | 2031.3 | 2030.9 | 2030.0 

IA Db ance oe 86.3 86.2 86.2 86.2 


normal 


Frequencies 
in 0.05 
solution. 
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fact is that the bands of the 1.5, 0.5, and 0.05 normal solutions are not 
shifted by temperature, and that dilution from 3.0 normal to 0.05 
normal produces a negligible shift. There is no tendency toward reso- 
lution. Clearly, the uranyl chloride in aqueous solution furnishes 
spectra of great stability, especially in view of the behavior of the 
bands of the uranyl nitrate. 

URANYL NITRATE IN WATER. 

The solutions of uranyl nitrate present at once the most interesting 
and most complicated spectra. In our first investigations the solutions 
were studied at —185° after suddenly plunging them into liquid air. 
Later it became of interest to study them at several intermediate 
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Fig. 96. 


temperatures and the freezing and subsequent cooling was of necessity 
done slowly. To our surprise, the normal solution of the nitrate 
yielded an entirely different type of spectrum. Spectrum No. I at the 
top of figure 96 represents the old type and spectrum No. 5 the new 
type. It was found possible to produce intermediate degrees of resolu- 
tion somewhat similar to Nos. 2, 3, and 4 by intermediate rates of 
cooling. The pertinent fact is that the identical solution could, by 
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manipulation of the cooling process, be made to yield either an unre- 
solved or a highly resolved spectrum. The intermediate forms were 
not easy to reproduce at will. A comparison of the wave-lengths of the 
strongly resolved bands of the solution at —180° with those of the 
crystalline salt at the same temperature showed that they were identical. 

The uranyl ammonium nitrate and uranyl potassium nitrate in 
aqueous solution were similarly cooled and showed resolution of the 
same type. Resolution of this type has not been discovered in any 
other aqueous solutions, but in our first investigation uranyl acetate 
in alcohol was found to give highly resolved but quite dim bands 
superimposed on a continuous background. The spectra of the 1/100 
normal solution were similarly affected by retarding the rate of cooling. 
Spectra L, M, and N of figure 96 show the results of successively slower 
rates of cooling. 


EFFECT OF TEMPERATURE ON SLOWLY COOLED SOLUTIONS OF URANYL 
NITRATE. 


Since the changes in the spectrum of the normal solution are very 
striking and are typical of the changes in many other more dilute 
solutions, a detailed account of the changes in this spectrum is given. 
Figure 97 gives a plot of the spectra. Some attempt at indicating the 


NITRATE It WATER. 
_+20° 


-150° | | | 
Lh a a cares Nth 


Fia. 97. 


form of the bands is made, but the changes in intensity are too great 
to be represented on such a plot. The wave-lengths are tabulated in 
table 118, and frequencies in table 119. At +20° only two broad bands 
located at 0.5323 and 0.5088 were of sufficient intensity to be measur- 
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able. With falling temperature these increased in brightness and two 
more bands came up to the threshold of vision. Bands 0.4890 at 0° 
corresponds with an absorption band at 0.4870 discovered by Jones 
and Strong. The crystalline nitrate, with.6 H,O, also has an absorp- 
tion band at 0.4870. 

While continuing the cooling process at a slow rate, a sharp rise in 
temperature from —25° to —18° was invariably noticed, probably 
due to undercooling or change in hydration. Immediately following 
this stage portions of the background increased greatly in brightness 
so as to broaden each band on the violet side. These very broad bands, 
which exist at temperatures between —25° and —40°, were found on 
subsequent cooling to be the parents of groups of resolved bands. The 
—40° bands were five times the intensity of the +20° bands. 


Tas_e 118.—Uranyl nitrate in water—normal solution. 


Temperature. 


+20° 0° —40° —60° —90° | —120° | —150° | —180° 
BS GPOm ge ceil a oscar sce a'| Grave ieior tee Gil ara) aecer teas om srezse ae NG 0.6175 | 0.6174 | 0.6161 | 0.6183 | 0.6165 
Weedless. [oes cee sale ace cba orate] Sots eis ere Oe Goccone Elle atetetere eae - 6039 - 6030 . 6022 . 6006 
Biron gals crciaccte tarot s 0.5932-0.5696 .5864 5855 5857 5861 5857 
AVVO BUNS aru ise toveieroistel| ovate g.aresdva' [vores jethe oranal'ate caret erell ote avenemetoncH peermemereneraes 5829 5827 5823 
1D) tht eevee NAS OAEE raion ARO acta Oe be obs db hes .5723 5722 .6713 .5712 
SEron gs ele cerca sere ORS622ilbe. ceitecceceetiors 5582 .5584 5579 .5577 .5576 
EDEN, cites |leveosesh aie ef oaudieleveeis | steisueveretetend oveterefalellorccarata everalteracesrantis 5553 .5554 .5553 
10) GAR Gnneies Orc ciricin Ino nemiecnricre cad Pre Goro.0 5461 5457 .5454 .5455 
171: ie BSR RScecCen etic eee nticts Sen erpiG aaa coc trocaiteodl le oroetice .5368 
Strong..| 0.5323 .5350 .5375-0 .5182 .5323 .5331 .5322 .5322 .53822 
DUNG es les ares aierore all eco ece hove sekel| anetonevccossveter see iehetevell aneseos tensors .5299 .5300 .5299 .5299 
Pr ya sce ai |laroravere is sstdiaranevesmuela’ ail ore tettetna tela lavenetanastedell teascolonctekons 5219 5216 5214 5217 


Strong..| .5088 -5110 .5129-0.4951 -5082 


ere ee ee ee ee er er rr a 
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At —46° the portion of each band toward the violet decreased in 
intensity as the part of longer wave-length became stronger, thereby 
tending to both narrow the band and produce a decided crest. It was 
found, with the aid of the spectro-photometer, that the intensity of the 
stronger crest at —60° was 85 times that of the homologous band at 
+20°. 

Further cooling resolved the stronger band into doublets without a 
real shift, but the dimmer component was not so easily resolved. At 
temperatures between — 120° and —180° the strongly resolved doublets 
formed two series, both of a constant frequency interval of 88 units, 
the single band at 0.4885 being a member of one series. There was 
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4 NITRATE IN WATER. 


no shift here, but increasingly better resolution. The very dim inter- 
mediate bands resolved to form series of approximately the same 
interval. 

It was thought that by reversing the cooling process the spectra 
might go through the same forms at the same temperatures, which 


TaBLe 119.—Uranyl nitrate in water—frequencies and average intervals of fluorescence bands. 


Band. | —20° 0° —40° —60° | —90° | —120° | —150° | —180° 
Bien g lt keeenbee sprit laer te al 1619.4 | 1619.7 | 1623.1 | 1622.6 | 1616.8 
RN na an Ne ie eat ieee f eit 1655.9 | 1658.4 | 1660.6 | 1665.0 
Se ono ee 1685 .8-1755.6 | 1705.3 | 1705.0 | 1707.4 | 1706.2 | 1707.4 

RUE NA eal Mh NMR Nn is har SOM ee Sy he, eu shin 1715.6 | 1716.1 | 1717.3 
og ieee Reece Peabo, OE ak 8 i ae oe 1747.3 | 1747.6 | 1750.4 | 1750.7 
ee VUES Tole peer eneer eet 1701-6: |. 179008 119702;4 1 1793.4. | broek 

Nee a Ea Raeg tg Mae wn Rede Cae 1800.8 } 1800.5 | 1800.8 
ci MHA VS (ORS ONIN ae pene 1831.2 | 1832.5 | 1833.5 | 1833.2 
5A SOURS see a Oa nicl Cnn 1 (COTE LPs RRR (a 1862.9 

5)| 1878.6 | 1869.2 | 1860.5-1929.8 | 1878.6 | 1875.8 | 1879.0 | 1879.0 | 1879.0 
SS A el ei RI er gaa ae |e 1887.1 | 1886.8 | 1887.1 | 1887.1 
Re Pa Sido WS Ce: Sa eT eee, eo 1916.1 | 1917.2 | 1917.9 | 1916.8 
eT Nena e a Ae MeN cais SLO AL onl Ss sean es 1949.7 | 1948.6 
1965.4 | 1956.9 | 1949.7-2019.8 | 1967.7 | 1963.5 | 1963.5 | 1964.6 | 1965.0 

7 IDE alas (Gb ane er oma Cra aer 1974.3 | 1972.8 | 1973.2 | 1973.2 
AN aie ah sca CLP nt te Pe eg TG We Dea eae Rs 1996.8 
ais ts; 2030.9-2070.0 |........| 2000.4 | 2001.2 | 2001.2 | 2003.6 

eM totes Wl iaatig eke atl Coie I ehel 5 Se ae Soe cdn seine ea 2019.9 
+ | gam app eed Seas sei ae tie (ace esti Pear oa 2035.0 | 2034.1 | 2035.0 
etira ss, 2045.0 |...............| 2056.8 | 2058.5 | 2058.9 | 2059.3 | 2059.7 
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proved to be the case when the temperature was raised from —180° 
to —60°, but on further heating to —30° the —60° spectrum failed to 
change over to the very broad banded form. Finally, the temperature 
was raised to —18°, the cryohydrate point. The original spectrum of 
the unfrozen solution then reappeared. 


44 NITRATE IN WATER. 
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Fig. 99. 
The slow cooling of the 1/10 normal solution produced a series of 
spectra similar to the above, but dimmer and not quite as well defined. 
(See fig. 98.) The 1/100 normal, although too dim to be measured 
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WITRATE IN NITRIC ACID. —180° 


Fig. 100. 
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until a temperature of —60° was reached, behaved similarly. (See 
fig. 99.) The more dilute aqueous solutions, e. g., the 1/200 and 
1/500 normal, gave broad bands with no important shifts. 
The very dim, broad bands of the 1/1000 and 1/10,000 normal are 
probably due to the production of different hydrates. 
URANYL NITRATE IN NITRIC ACID. 
The spectra of the normal aqueous solution diluted with nitric acid 


in varying proportion are shown in figure 100. Data for 5 c.c. of acid 
are given in tables 120 and 121. 


TABLE 120. 


Urany] nitrate in nitric acid (1 c.c. of normal aqueous solution with 5 ¢.c. of acid). 


—30° —60° —90° —120° —150° —180° 
Marta oae epee Ianeiatarenceatay Seeieltedo ser sena ccakc eke lineeterocet cele eats 0.5958 0.5965 
Waisisatinrees 0.5817 0.5810 0.5808 5818 5806 
Bao tsyerieas os aie lheweietens ateaepevenallisvecscns erteisy esis" .5681 5673 5654 

0.5540 5540 5531 .5528 5527 5531 
Haare erro atone tartare ofecal| ala ete ee es -5412 5399 5393 
5289 5283 5274 .5274 5280 5279 
Bee RTRete ay apschh cil Vel's tolielia fale lienens | > wheugisseupree ele .5165 5163 5154 
5064 5047 5045 -5042 5045 5043 
Riasstetejera.aierenel| wewrereies si a aie o's\[is wieis (ec le ajave 4941 4935 4930 
Bye tolciafeetaperers 4832 4823 4824 4825 4823 
Uranyl nitrate in methyl alcohol Urany] nitrate in ethyl alcohol 
(0.1 normal solution). (0.1 normal solution). 
—120° | —135° | —150° | —180° —90° —120° | —150° | —180° 


The uppermost spectrum, denoted at the left by 20:1, was pro- 
duced by slowly cooling to —180° and exciting to luminescence a solu- 
tion of 20 c.c. of the normal aqueous solution mixed with 1 ¢.c. of acid. 
The first effect of the acid was to bring out more distinctly the dimmest 
bands of the aqueous solution. There was no marked shift or change 
in resolution as the acid component was increased until the solution 
contained 1 c¢.c. of normal aqueous solution to 2 c.c. of acid. With 
further dilution, e. g., 1 ¢.c. of solution to 2.75 c.c. of acid, a marked 
change in the spectrum occurred, for only a broad-banded series of 
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TaBLE 121.—Uranyl nitrate in nitric acid—Frequencies and average intervals of 
fluorescence bands. 


Frequencies in 1 c.c. of normal aqueous with 5 c.c. of acid. 


Band. —30° | —60° —90° | —120° | —150° | —180° 


ry Nb comoopdlacconosclonoGood||me doaoon 1678.4 | 1676.4 |........ 
ee oo 1719.1 | 1721.2 | 1721.8 | 1718.8 | 1722.4 |. 3... 
Som oAdG Obes codlodoonnhn WGO0R Sr LTG2. LT GSO le cterte er 
a 1805.1 | 1805.1 | 1808.0 | 1809.0 | 1809.3 | 1808.0 |........ 
eieteve (a ciete| exekeroreher«"|(oterelereteter> 1847-7 || 1852.2 | 1854.3: |. 5... 
5 1890.7 | 1892.9 | 1896.1 | 1896.1 | 1893.9 | 1894.3 }........ 
SHAS SF Odo lenendscolanoadone 1936.1 | 1936.9 | 1940.4 |........ 
6 1974.7 | 1981.4 | 1982.2 | 1983.3 | 1982.2 | 1982.2 |........ 
snwoosdo||sopo oD AnllGuode.cK 2023.9 | 2026.3 | 2028.4 |........ 
pe NERA Gee 2069.5 | 2073.4 | 2073.0 | 2072.5 | 2073.4 |........ 


Av. int. 84.8 87.6 88.1 87.8 88.4 87.8 


Uranyl nitrate in methyl alcohol—Frequencies in 0.1 c.c. normal solution 
in alcohol. 


Band. —30° | —60° —90° | —120° | —135° | —150° | —180° 


Dvn clin shavetelote!ofisieielejeiecgled ef efeneucte: ovelllevenetensvevece|l atefeterefers, sil lorevemeretecne 1654.3 

BZ frrrec re cfect este ede e eee ees 1712.0 | 1966.6 | 1697.5 | 1700.1 
Sherapatetscous:lierauaia)evecelelel ovals eisvelel[tteremeyeetens 1723.0 | 1730.1 | 1730.1 

A dfrtre reste cee e needa eens aes 1795.7 | 1784.1 | 1785.1 | 1785.7 
skate te\aialerelliavel stevenernce lis. eLperaters!| e eitvetetanct 1810.0 | 1814.9 | 1817.2 

Brrr cette ete e ee efec eee ees 1880.4 | 1870.9 | 1871.3 | 1872.3 
alata atlete thal lo dcavelerstate lietevarsiatovenc| buco teeteters 1896.8 | 1900.1 | 1904.0 

eee | Goo nos Conn 1964.3 | 1958.5 | 1957.7 | 1959.2 
oasaieiale evel lokancuebeusravellnieterorne ars || enter aterene 1983.7 | 1987.7 | 1990.1 

7 | Go Oo Con 2046.2 | 2046.2 | 2045.8 | 2046.2 

a etereieocor | chovereletetenell io sueccie encted latetenctatorers [latatanetenersns 2075.1 | 2076.8 

A Vets] om ereieicis « ltoratenere cloce[faletevele seers 83.6 87.4 87.1 86.8 
Uranyl nitrate in ethyl alcohol—Frequencies in 0.1 c.c. normal solution in 

aléohol. 

Band —90° —126° 150° | —180° 
eb er) Wed ahatavens roretellieceuate (oucretetl oretchclaneieysillatetetenennte T1461 | L7I1S.b | Av ei 

Ge GA tee tete tec atel\ hacstecetmeetel|igne larecctcers 1806.0 | 1799.5 | 1801.2 | 1811.3 

Dineen eYevecccahetenelllizsseverstances econ eievenciovs 1891.4 | 1886.4 | 1886.8 | 1897.5 

Gio nave crotans cilicterecovelevctel| ape ensrererons 1972.8 | 1971.7 | 1971.6 | 1984.1 

7 { Sede aks Klwaaectio ate hanwiaiee ae ORO rere cae ee a 2045.5 

Mi aiakovre:’s (oue'l lane inonerstsasl| atste svexereyel| etota auatelten liteCrers tereicraliirenerereters 2071.3 
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doublets is present. This is probably caused by a change in the hydrate 
at this dilution. This type of spectrum persisted through five more 
dilute solutions, even when the solution contained only 1 part aqueous 
solution to 1,000 parts acid. 

The effect of slowly cooling five of the acid solutions is seen in figures 
101, 102, 103, 104, and 105. 

Very often combinations of acid and aqueous solution proved to be 
unstable on freezing; consequently it was difficult to reproduce at 


Fia. 102. 
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will the spectra of such solutions. This appeared to be somewhat 
independent of the rate of cooling; thus, it was discovered that a solu- 
tion might yield a spectrum consisting of a set of broad-banded 
doublets at one time and a narrower set of doublets differently spaced 
at other times. The three spectra shown at the bottom of figure 96 
illustrate this phenomenon. The first two spectra, although entirely 
different, were produced from a solution of 1 part normal aqueous 
solution with 10 parts nitric acid. The first was obtained after very 
slow cooling, the second after moderately slow cooling to liquid air. 
The second spectrum is identical with the third, obtained by slowly 
cooling a solution of 1 c.c. of normal solution to 3.5 ¢.c. of nitric acid. 
Such experiments lead to the view that the luminescence spectrum is 
determined by the particular hydrate which is formed on freezing. 

The frequency interval of an acid or aqueous solution was always 
constant. The change in interval through a wide range of dilutions 
was slight. The largest interval was of 87+, the smallest of 84+ 
units. 


NITRATE IN WATER & ETHYL ALCOHOL. 
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THE URANYL NITRATE IN ALCOHOL. 


The luminescence spectrum of the normal aqueous solution diluted 
with ethyl alcohol is distinctly different from that of the aqeous solu- 
tion. (See fig. 106.) The sharply resolved spectrum is quenched and 
the new bands are not in the same positions. The unfrozen solutions in 
a mixture of alcohol and water are not so opaque as the aqueous 
solutions; hence it is necessary to freeze them to produce sufficient 
absorption to bring out the luminescence. The first readings were 
taken when the temperature was —90°, and a consistent shift to the 
violet was effected by further reduction in temperature. 

The spectrum of a solution of uranyl-nitrate crystals in ethyl alcohol 
will also be found in figure 106. At —90°, —120°, and —150° slight 
change in form or wave-length occurs, but at — 185° fairly wellresolved, 
crests protrude above the crests of the broad bands, still existent. It 
is probable that one series is due to the water of crystallization, the 
other to the alcohol. Jones and Strong’ have attributed the presence 
of two sets of absorption bands in the water and alcohol solutions to 
the presence of both a hydrate and an alcoholate, and the two lumines- 
cence spectra are undoubtedly caused by such a combination. 


ENERGY IN CRESTS OF BANDS. NITRATE AT-90. 


Fig. 107. 


A solution of uranyl nitrate in methyl alcohol (fig. 106) presented 
bands which in the manner of development with temperature resem- 
bled the aqueous bands. The doublets fall into two series of constant 
intervals. It will be observed in figure 106 that the bands of the alco- 
holic solutions are in approximately the same positions. 


1 Loc. cit., p. 104. 
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ENERGY DISTRIBUTION IN THE BANDS OF URANYL NITRATE. 


The normal aqueous solution at —90° was studied with the aid of 
the spectrophotometer and bar, the intensity of the crests of the 
bands being matched by the intensity of the acetylene flame at the 
same wave-length. These values were multiplied by the ordinates of 
the corresponding wave-lengths of the energy curve for acetylene.! 
Figure 107 shows the manner in which the bands differed in intensity. 
The envelope is of the same form as that determined by Nichols and: 
Merritt? for the individual bands of the crystalline salts. 


SUMMARY OF CHANGES. 


The changes produced by slowly changing the temperature from 
+20° to —180° include: 

(1) An increase in intensity of the entire spectrum. 

(2) A shift which is more often toward the violet than toward 
the red, although both shifts may occur between the above 
temperatures. 

(3) A narrowing of the bands and in some solutions a resolu- 
tion of the bands. 

(4) A slight change in the frequency interval. 

(5) The formation of one or more definite hydrates. 

(6) A change in the form of the bands. 

The changes produced by dilution include: 

(1) A shift of the entire spectrum. 

(2) A change of interval. 

(3) A change in the hydrate. 

(4) A decrease in the resolution, excepting when small amounts 
of acid are added to an aqueous solution. 

(5) A decrease in intensity. 


CONCLUSIONS. 


(1) The constant-frequency intervals are due to the uranium oxide. 

(2) The small shifts are due to a change in the relative intensity of 
two or more components of a band. 

(3) The more remarkable changes in position are caused by the 
presence of a new hydrate. 

(4) The change in hydrate is probably often associated with a 
change in the crystal system, and when this phenomenon occurs a 
change in the grouping of the component bands occurs. The work 
on four double nitrates? (Chapter VII) indicates that the crystal 
system is an important factor in the determination of the positions of 
the bands. 

(5) The invariable production of broad bands with extensive aqueous 
dilution is due to complete ionization. 

1Coblentz. Bureau of Standards, v. 7, No. 2, p. 259. 


2 Nichols and Merritt. Physical Review (1), 32, p. 358. 
3 Howes and Wilber. Physical Review (2), x1, p. 66. 1918. 


NICHOLS PLATE 1 


(A) A double reversal in uranyl sulphate at 185° C. 

(B) The fluorescence of uranyl ammonium nitrate at 185°,C. 

(C) The polarized fluorescence and absorption of uranyl czesium chloride at 185° C. 
Photographic reproductions from the original spectrographs by Dr. R. C. Rodgers 


APPENDIX 1. 
CHEMISTRY OF FLUORESCING URANYL SALTS. 


The compounds studied in this work were those uranyl compounds which 
showed a bright fluorescence. These in general were salts of the stronger 
acids and usually double salts with the alkali metals. The further general 
characteristics were high solubility and much water of crystallization, 7. e., 
the more water of crystallization the more intense the fluorescence, as in the 
case of the lithium manganese acetates. The nonfluorescing compounds of 
lower valence or those without the “uranyl” oxygen, as well as the sodium 
carbonate and zinconium oxide solutions of uranic oxide, which, though having 
peculiar and characteristic absorption, do not fluoresce, were not taken up. 
The particular groups taken up largely were the nitrates, chlorides, sulphates, 
and acetates, with potassium, rubidium, cesium, ammonium, and sodium in 
double salts. The phosphates, fluorides, oxalates, and tartrates and some 
double salts with the bivalent elements were studied in some cases. 

The material for use in this investigation was obtained at first from Kahl- 
baum. Later a number (25) of compounds were prepared by G. O. Cragwall 
in the Chemical Laboratory of Cornell University. The remainder were pre- 
pared by the authors. Cragwall’s material was a large quantity of uranium 
residue originally from Kahlbaum, during the purification of which by con- 
version to ammonium diuranate and hen to the chloride the first ammo- 
nium uranyl chloride crystals with the resolved spectrum were observed. 

The material used by the author was chiefly uranyl nitrate hexahydrate 
purchased as chemically pure, but which was found to contain noticeable 
quantities of sodium nitrate crystals. This was dissolved in water, precipi- 
tated with ammonium hydroxide, washed by decantation to incipient suspen- 
sion, to which HCl was added until nearly all the precipitate was dissolved. 
This leaves most of the iron in suspension if present in small quantities and was 
used to separate out iron in reworking material contaminated from spatulas, 
etc. On boiling this solution, if much iron is present it further coagulates 
and can be filtered, but if the acid concentration is low enough, quite a portion 
of the uranium separates as H,UO,. The chloride solution was precipitated 
again with ammonia, washed, and redissolved in nitric acid. The nitrate was 
evaporated until the salt (trihydrate) began to crystallize out, and was then 
carefully heated until decomposition took place, with the formation of the red 
uranic oxide. Care was taken not to form the black uranous uranic oxide 
U3;03 by overheating. The red oxide containing some undecomposed nitrate 
was digested with water, which converted the oxide into the hydroxide, or 
acid H,UOu,, a bright yellow powder. This was washed free from nitrate by 
decantation and air-dried and formed the major part of the material used. 

Some stock uranyl acetate was used, but as this usually contains sodium 
acetate also, it is not advisable when preparing sodium-free salts to be com- 
pared with sodium triple salts. 

Some material was also precipitated as the oxalate, but this does not give 
complete precipitation, and as it gives the black U3;Og on ignition, which is 
not as readily soluble, it is not of much value except for preparing oxalates. 
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For making triple sodium acetates, some material was precipitated as the 
sodium uranate, dissolved in sodium carbonate, and the solution treated with 
acetic acid, from which the sodium uranyl acetate crystallizes, leaving the 
sodium acetate in solution with very little waste uranyl] salt. 


NITRATES. 
URANYL NITRATE. 


This is the commonest and best known of the uranyl salts, crystallizing 
ordinarily as the hexahydrate, which readily forms large, clear crystals by 
cooling or evaporation. It is prepared by dissolving either the uranic oxide 
or hydroxide H.UQ, or the uranous uranic oxide U30s in nitric acid and crystal- 
lizing. This salt shows strikingly the property of most of the uranyl] salts 
of strong acid, of dissolving noticeable amounts of the oxide in the neutral 
solution, so that a clear solution may be strongly basic. This oxide pre- 
cipitates on heating or evaporation. 


UraAnyt Nitrate HeEXAHYDRATE. 
UO2(NO;)26H20. 


The complete description’ of the crystal properties of this hydrate are given 
in Groth’s Chemische Krystallographie, II, page 142. 

System rhombic; axial ratio a:b:c = 0.8737: 1:0.6088. Forms 6 (010), 
a (100), making short rectangular prisms with pyramidal ends formed by 
b (111), usually cut also by g (011), making a a six-sided face and b eight- 
sided. The prism (110) was observed on one crystal which was deformed by 
growing near another. Specific gravity, according to Boedeker (1860), is 
2.807. ; 

No statement is made as to cleavage, but it was found that very slight 
temperature changes produce a spontaneous cleavage, generally along qg (011), 
so that the crystals can not be handled on a cold day and immersion in liquid 
air completely powders them. : 

The optical properties are double refraction +, plane of axes b (010), acute 
bisectrix the c axis, apparent angle of optic axes 67° to 69°, mean index 
6 1.495 to 1.502. The pleochroism, according to Schabus, gives bright yel-— 
low-green parallel to a, b greenish yellow, c deep citron yellow. 

The fluorescence and absorption were investigated by Stokes’, E. Becquerel, 
Hagenback,? and H. Becquerel.* The tribo-luminescence was noticed by 
Herschel.? Wasiljew® gives the melting-point of the hexahydrate as 60.2° C. 
and gives the solubility curve for the hexahydrate in water. Silliman’ gave 


1 de la Provostage, Ann. der Chim. Phys. (3), 5, 48. 1842. 
Schabus, Preischr. Wien (1855), 40. . 
Sitz. berichte d. A. d. W. Wien, 27, 41.. 1857. 
Rammelsberg, Neust. Fortsch. in de Kryst. Chem. Leipzig, 58. 1857. 
Lang, Sitz. ber. Wien, 31, 120. 1858. 
des Cloiseau, Annales des Mines (5), 14, 348. 1858. 
Quercigh, Riv. Min. crist. Ital., 4, 6-14. 1915. 
2 Stokes, Phil. Trans., 142, 517, 520. 1852. 
3 Hagenback, Poggendorff’s Annalen, 146, 395. 1872. 
4H. Becquerel, Ann. Chim. Phys. (6), 14, 230. 1888. 
5 Herschel, Nature, 60, 29. 1899. 
6 Wasiljew, Chem. Zentralblatt 14, 2, m, 1527. 1910. Jour. Russ. Phys. Chem. Ges. 42, 
577. 1910. 
* Silliman, Amer. Jour. Science (2), 27, 14. 1859. 
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59.5° C. which is probably not as accurate. Lowenstein! gives the vapor- 
pressure of the saturated solution as 18 mm. approximately at 25° and the 
pressure of the equilibrium between hexahydrate and trihydrate as over 
4mm. The author found the two hydrates to be stable together at 5 mm. at 
20°. The result is that the crystals always effloresce and fall to a yellow 
powder if left in the air, in the winter especially if the sun falls on them, and 
may deliquesce in the summer. Lescouer® gives the vapor-pressure of the 
solution at 6° as 12mm. and for the trihydrate below 3mm. The author 
found that the hexahydrate dissolved in various concentrations of nitric acid 
at 20° C. in the following ratio: 1.6 grams of hexahydrate in 1 gram of 10 per 
cent HNOs, 1.15 grams in 20 per cent, 0.8 gram in 30 per cent, 0.65 gram in 
40 per cent to 70 per cent HNO;. The values have not been determined 
accurately above 40 per cent on account of the complications due to the 
occasional formation of the trihydrate. 

These crystals were usually grown by evaporation in the room. For work 
on the polarization they were grown in thin plates tabular on a or b by putting 
small seed crystal in a solution of the depth desired for the thickness of the 
crystal, in the position desired. 

Uranyi Nitrate TRInYDRATE. 
UO2(NOs3)23H20. 

This hydrate is mentioned by Lescouer’ and by Ditte* as being formed when 
the hexahydrate is heated to boiling. Drenkman’ and Schultz-Sellack® found 
that on adding the hexahydrate to strong nitric acid and crystallizing by cool- 
ing or evaporation the trihydrate was obtained. Lebeau’ also obtained it 
by heating the hexahydrate on the water-bath or by evaporating the nitric 
acid solution in a dessicator over H2SO, or KOH. Marketos® mentions it as 
formed directly from the hexahydrate over sulphuric acid in a dessicator, as 
does also Forcrand.? As can be deduced from the vapor-pressure data of 
Lowenstein and the author, this air-drying takes place as soon as the vapor- 
pressure of the water in the atmosphere goes below 5mm. The best crystals 
are obtained by slow evaporation of the solution of the hexahydrate, dried on 
the water-bath in concentrated nitric acid in a dissicator over sulphuric acid 
and caustic potash or quicklime. 

The crystalline form was measured by G. Wyrouboff,’® who obtained his 
crystals by evaporating the neutral solution at 65°. 

System triclinic; axial ratio, a:b:c=1.7753: 1:1. 4104. 

a 85°35’; B 94°12’; y 81°44’. 

Forms p (001), making plates with h’ (100), a’ (101), and a? (201) on the 
edges, and c? (111) and 6? (111) oblique-angled ends. 

The specific gravity was found to be 3.345. No cleavage has been noticed, 
although the crystals are likely to form with irregular cracks across or radiat- 

1 Lowenstein, Zeit. Anorg. Chem. 63, 105-107. 1909. 

2 Lescouer, Ann. Chim. Phys. (7), 7,429. 1896. 

3 Lescouer, loc. ctt. 

4 Ditte, Ann. Chim. Phys. (5), 18, 337. 1879. Compt. Rend. 89, 643. 1879. 

5 Drenkman, Jahrsber der Fortschritt Chem., 256. 1861. 

6 Schultz-Sellack, Jahrsber. Fort. Chem., 365. 1870; Zeit. fur Chem., 646. 1870. 
7 Lebeau, Bull. Soc. Chim. (4), 9, 299. 1911. 
8 Marketos, Comptes Rendus, 155, 210. 1912. 


9 Forcrand, Comptes Rendus, 156, 1044, 1207, 1954. 1913. 
10 Wyrouboff, Bull. Soc. fran. Mineral, 32, 340. 1909. 
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ing from the seed. Schultz-Sellack gives the melting-point as 120° and 
Wasiljew as 121.5°C. It is really only a partial melting-point, as the dihy- 
drate is not completely soluble in the resulting solution. The solubility of the 
trihydrate in water above 60° or in nitric acid has not been determined, 
although Ditte gives a solubility of 14.39 parts of the trihydrate in mono- 
hydrated (91 per cent) nitric acid. 


Uranyt Nitrate DInyYDRATE. 
UO2(NO3)22H20. 


Ordway describes the dihydrate as resulting by boiling off the fused 
hexahydrate, which Lowenstein confirms. The latter finds it as the product 
of 6 days’ dihydration over sulphuric acid of over 80 per cent strength, al- 
though Fourand finds 6 days required in a vacuum over strong sulphuric. 
Lebeau finds powdered hexahydrate converted to dihydrate in a vacuum desic- 
cator with concentrated sulphuric acid in 72 hours. Lebeau finds that on 
treating the hexahydrate with ether, two layers are formed, of which the 
ethereal layer can be dried with anhydrous calcium nitrate, which leaves the 
dihydrate on evaporation. It is to be noted in this connection that the ethereal 
solution, which is also used for separating uranium X, can not be boiled off, as 
it decomposes with explosive violence after some heating, liberating copious 
nitrous fumes.' Lebeau also obtains crystals with ether of crystallization at 
10° and —70°. The dihydrate may also be formed by adding dry UO; to 
fuming nitric acid (92 per cent), from which solution it is readily recrystal- 
lized. Wasiljew, crystallizing the dihydrate from fuming nitric acid (s. g. 
1.502), finds quadratic tables of the rhombic system with strong fluorescence. 
The author found yellow plates with marked fluorescence at lower tempera- 
tures of probably rhombical pinacoid and pyramid, with some other forms. 
The crystals weather so rapidly, having a vapor-pressure of 0.2 mm., accord- 
ing to Lowenstein, that changing from one closed vessel to another usually 
tarnishes them so that little can be done in the way of measuring, handling for 
cleavage, etc. Wasiljew gives the melting-point as 179.3°. The mixture of 
dihydrate and solution obtained by melting the trihydrate goes over to solu- 
tion at about 160° and then goes unchanged except for slight boiling to 240°. 


Uranyt Nitrate ANHYDROUS. 
UO2(NOs)2 or UO 3.N20s. 


Marketos produced anhydrous uranyl nitrate by heating the nitrate to 170° 
to 180° C., since total decomposition took place at 200°, and passing over it 
dry carbon dioxide saturated with nitric-acid vapors by bubbling through 
concentrated nitric and sulphuric acids. This produced a yellow amorphous 
salt soluble in water which decomposed ether, with the liberation of nitrous 
vapors. Forerand found that long heating above 125° C. in a current of dry 
carbon dioxide produced basic anhydrous nitrate and below 100° only a 
monohydrate. Twelve hours at 165 in a current of carbon dioxide charged 
with nitric-acid vapors gave UO2(NOs)2 + 1/31H2UO,. 

The method evolved for producing anhydrous uranyl nitrate was to place 
in a train of U-tubes a tube containing uranic oxide made by heating the 
hydroxide or acid H,UO, until it began to turn red and distilling over it nitric 


1 Muller, Chem. Ztg., 41, 439, 1917; 40, 30, 1916. 
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anhydride, N2O;. This was accomplished by having a reaction flask fitted 
to the system by a ground-glass joint, in which were placed phosphorus 
pentoxide and fuming (92 per cent) nitric acid in calculated amounts. From 
this, on heating to 50°, the N,O; distilled out and was condensed by freezing 
mixture in the first U-tube, which served as a reservoir. When this was 
filled with solid N2O; and a two-liquid layer of N20; and HNOs, the flask was 
removed, the joint covered by a cap, and the anhydride distilled over on 
the uranic oxide by placing the reservoir tube in a bath of hot oil. No re- 
action took place between the oxide and the acid until the oxide tube was in 
turn put in the oil-bath and the anhydride boiled off into the last tube, which 
served as a second reservoir for the acid. As soon as the acid began to boil 
the reaction took place, producing a vivid green fluorescence and a light yel- 
low color instead of the reddish oxide. The anhydride could be distilled off 
and run back over while holding the tube with the uranyl nitrate at any 
temperature. Also, any acid which did not solidify could be poured off and 
the remaining N2O; run back over the nitrate, insuring absolute freedom from 
water. The resulting compound was found to be stable up to 180°, at which 
temperature it broke up into N2O; and UOs, which could be recombined if the 
temperature was lowered. Distilling the acid on and off was performed 
several times with one specimen, examining the spectra each time, which 
showed first the anhydrous salt fluorescence and then none for the oxide. 


DOUBLE NITRATES. 


Meyer and Wendel’ prepared double salts of ammonium, potassium, rubi- 
dium, cesium nitrates with uranyl nitrate. These crystals were described by 
Steinmetz.” They were grown from a solution in nitric acid and were of the 
type KUO2(NO;)3. Rimbach* endeavored to determine the solubility of these 
salts in water at various temperatures. He found large crystals in the am- 
monium and potassium solutions unlike those of Meyer and Wendel which 
were measured by Sachs‘ and assigned formule like those of Meyer and Wen- 
del, but since they were alike were called isomorphous and the a forms of NH, 
and KUO,(NOs3)3. Examination of the spectra of these forms in the labora- 
tory indicated and Sachs’s data itself proves that the a form is simply uranyl 
nitrate hexahydrate. 

In attempting to grow crystals according to Rimbach’s method which would 
not be uranyl nitrate, however, two new forms were discovered containing two 
molecules of alkali nitrate to one of uranyl nitrate. In the process of growing 
the potassium salt for experimental purposes, still a third was found, but so 
rarely that it was not studied. 

In order to find out the conditions under which the various salts were formed, 
a series of solubility determinations were undertaken, being run at constant 
temperature of 20° C. in a thermostat, with varying percentages of aqueous 
nitric acid as a solvent. 

From these incomplete results it will be seen that from solutions of less 
than 30 per cent nitric acid and less than 1 molecule of uranyl nitrate to 1 of 
potassium nitrate, potassium nitrate only will crystallize; that in a 1 to 1 


1 Meyer and Wendel, Ber. d. d. Ch. Ges., 36, 4055. 1903. 
2 Groth’s Chem. Kryst, 11, 150. 

3 Rimbach, Ber. d. d. Ch. Ges., 37, 472. 1904. 

4 Sachs, Zeit. f. Krys., 38, 497. 1904. 
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solution above 40 per cent the so-called y form or monopotassium salt will 
appear. In the 1 of uranyl nitrate to 2 of potassium nitrate, the double 
nitrate crystallizes only above 50 per cent of nitric acid, and as the 6 phase or 
the dipotassium salt and the metastable phase at this concentration is the y 
form. Presumably at higher concentrations of potassium nitrate the last- 
found and undetermined form would appear. 


Grams of solute in 100 grams of solvent. 


©. ae KNO3. UO2(NOs)2. 2KNO3. UO2(NO3)2. KNO3. 
Solid Solid Solid Solid 
phase. phase. phase phase 
Ul BreraGirionn. co Gree SUB TI EENOS itches allane ceatetencte 62 O UI SRENOs ale cesrattalaccerccdscets 31.4 
LO nach omer S2.OnMECNOs: lieu leetertontee 6222 \AIENOS |S caia.|| catetaeten 19.1 
DAN ers rege, tee eeeRe GG 2 Sa KINO Ss los aro oleae tetera B67 | ANOS AG ca old llc oreceeaelete 14.5 
DOO GerNs cieealw os 89.0 | Hex 89.5 7 SPS LEON O ge theresa lets cic ene 11.4 
AO Se hy arate 81.3 So ielad (eS rotorany eters a Cia 2 aTISNOS i recslen eee 15.2 
DO Aiesis Sree shee 54.0 Yo |Rissetere so) ote cee cee 52.3 6 57.5 Y 18.6 
GO rrr ere ae 33.9 AY. Wiser anafiaize: oillohs te ho Stara] eve Mere cast] sus aadens taka lnc lewen enema varar ares iene 19.6 
Oca ectere, Grey lata aha cegene sil Sp eve fat Sie ot olfralaiede - sail awetettarasehe ceil mac Net etehel | retie tee etcetera a neice trl ease area 29.6 
BOA tear eo etacea ol alate aieice eal ial a acenage [hatatars ageless [arene coated] a taretteeen Mere Laake erates eget ce ae 34.2 
OO a bs dla cua a | coh era siblare wcpoe axes [ls tate scaseliane tate eeeie call oh apatetaae [ie iattcrere ete nett nena verse te ete: aerate 48.8 
ae NH4NOs. U02(NOs)2. 2NHiNO3.UO2(NOs)2. _ [NH«NOs 
Solid _ Solid Solid Solid 
phase. phase. phase. phase. 
Ore ctaedooks 165 Hex jee 02 Aner ae 251 Hex. 380 B 191 
TON: teckic eae %es 128. ia f=). ¢] “an as ane see 201 Hex. 380 B 151 
DOR ret csicets 80. Hex. 144.5 B 150 Hex. 215 B 127 
sieatecla etre : : Hex. 150 B 


a cis eae ce ciece ef WU f B2CR0 fF OOP To FA Lo eee) Ee Foils sierereuslece s <ih teva! 


Veeco asece! VOC | FF fJeirccecisceticieie s erereseh OCR (| ED 5 is ie.w) ie 411616408) 6 wuetalllalcst siete 


Solid phases appearing are: 
Potassium nitrate, KNO3. 
Ammonium nitrate, NH4aNOs. 
Uranyl nitrate hexahydrate, UO2(NO3)2 6H2O, Hex. 
Monopotassium uranyl nitrate, KUO2(NOs)3, y. 
Dipotassium uranyl nitrate, KepUO2(NOs3)4, 6. 
Monoammonium uranyl nitrate, NH4sUO2(NOs)3, 6. 


From solutions 1 molecule of uranyl nitrate to 1 of ammonium nitrate, 
uranyl nitrate hexahydrate crystallizes unless the per cent of nitric acid is at 
least 50, above which the 68 or monoammonium form crystallizes, which is 
metastable practically to water solution. From 2 molecules of ammonium 
nitrate to 1 of uranyl the hexahydrate crystallizes up to 40 per cent, above 
which the 6 form appears, which is also metastable to pure aqueous solution. 
It will be noted that while potasisum nitrate is about as soluble as uranyl 
nitrate and the phase in equilibrium with the more acid solutions corresponds 
to the composition of the solution, the ammonium nitrate is much more solu- 
ble and not only does not form the solid phase in case uranium is present, 
but does not form the diammonium salt from solutions of that composition. 
Laboratory experience showed that a large excess of ammonium nitrate and 
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rather low acid concentration was necessary to produce this form. These 
higher ratios of ammonium nitrate should be investigated. 

These results do not check well with those of Rimbach, who presumably 
crystallized considerable portions of the salt, instead of determining the phase 
with which the solution was in equilibrium by the addition of seeds of known 
phases. They do not, however, materially conflict with those of Engel' in the 
case of the solubility of potassium nitrate in nitric acid, where the solubility 
is found greater at 20° than at 0° in dilute solutions and less in highly acid 
solution. 

The mono or acid forms of the double potassium ammonium salts and the 
corresponding rubidium and cesium salts were found to be as described by 
Sacks from the preparation of Meyer and Wendel. There is no indication 
that the corresponding double salts containing 2 atoms of rubidium or cesium 
could not be produced by using solutions similar to that used for the dipotas- 
sium salt. . 

Other double uranyl nitrates with other bases than the four alkalies dis- 
cussed do not seem to form, with the exception of thallium, which is reported 
by Meyer and Wendel as forming but being non-fluorescent, as the double 
thallous sulphate is. Sodium nitrate crystallizes side by side with the hexa- 
hydrate or trihydrate, according to the acidity of the solution, but no con- 
ditions were found under which the two salts would crystallize together. 
Silver, cadmium, zinc, calcium, barium, and magnesium were also tried with- 
out success, although a modification of the hexahydrate spectrum was pro- 
duced by the calcium and magnesium. Meyer and Wendel also tried lithium, 
sodium, and the bivalent metals without formation of double salts. 


Monoporasstum Uranyit NITRATE. 
(y form) KUO2(NOs)3. 


These crystals were prepared by Meyer and Wendel by crystallizing potas- 
sium nitrate and uranyl nitrate in equal proportions from a nitric-acid solu- 
tion. The crystals were examined by Steinmetz. 

System rhombic; axial ratio 0.8541: 1: 0.6792. 

Thick tabular combinations of c (001), m (110), with subordinate forms of 
b (010), s (102), o (111), sometimes a (100), and rarely a (011) and 122. 
Steinmetz and Sykes report good cleavage on 6, and good cleavage was also 
observed on a. The specific gravity was found to be 3.503. Crystals of this 
form are stable at 20° if the partial pressure of the water-vapor is not over 
9mm. Hg, but at that point begin to deliquesce, changing to a whitish yel- 
low chalky mass. On heating the crystals, yellow crusts begin to form on the 
crystals at 150°, violent decrepitation begins at 200°, and decomposition with 
liberation of nitrous fumes at 270° C. 

According to Steinmetz, the plane of the optical axes is c (001), acute 
bisectric a. Axes visible through (110). 

The best crystals were obtained by cooling of hot solutions supersaturated 
2 grams in 50 ¢.c. in glass-stoppered bottles. 

The composition as determined by Meyer and Wendel was KUO2(NOs)3. 
An ignition run to check this gave 65.13 and 64.82 per cent, the theoretical 
form K,U.O, being 67.29, the low values being due to loss by decrepitation. 


1 Engel, Comptes Rendus, 104, 913. 1887. 
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DiprotasstumM URANYL NITRATE. 
(6 form) K;,U02(NOs)a. 


These crystals appeared, after a year of effort to obtain crystals from neutral 
solution which were not hexahydrate, in a slightly acid solution containing an 
excess of potassium nitrate. It shows marked reluctance to appear and does 
not grow well if the room temperature is below 20° C., the hexahydrate forming 
instead, but above that temperature gives fine crystals, especially if seeded, 
although it does not grow as rapidly as the other members of the group. 

System monoclinic; axial ratio a : b: c=0.6394:1:0.6190; B=90=. 


cale. obs. calc. obs. 
c:a =001:100=...... 90° 0’ tm =1383 :232=19° 19’ 20° 44’ 
pp =30l 2331S]... 63° 30’ Qa=ts3. 131 =52° 3’ 51° 50’ 
c:p =001 :331=...... 77° 38! :d =133 :101=45° 38’ = 47° 35’ 
e:d =001:101=50° 1’ 52°52’ aw =331 : 232 =23° 39’ 22° 49" 
c:0 =001 : 133 =42° 43’ 48° 10’ :d =331 :101=38° 42’ 38° 25’ 
c:@q =001 : 131 =59° 22’ ~—- 60° 39” :q =831 :131=48°37’ 42° 127 
0:0 =133 : 133 =73° 58’ 73° 15’ :q =101 :131=56°31’ 56°17’ 
o:p =133 :331=42° 58’ 42° 49’ 1m =101 :232=37° 6’ 38° 56’ 
0: p' =133 :331=84° 19’ 84° 0” :m=101 :230=61° 7’ 62° 48’ 


VQAaspsrzsess 


These axes are probably not those of the space lattice, being taken from 
the first habitus observed, which formed in a solution having barely enough 
potassium nitrate to produce this phase, and consisted of e (001), o (133), and 
p (331) meeting in a point in front which was sometimes cut off by a (100), 
usually accompanied by d (101). a sometimes occurred between o (1338) 
and p (331) and q (131) between o 133 and p 311; b (010) and m (230) were 
found in measurement. One crystal showed c, 0, p, d, and d’ (101), a and 
probably g and (111). Most of the crystals grown later had a prismatic or 
needle habitus in which p (831) was the predominant form, with small e 
faces on the ends and occasionally some of the other forms. All faces on these 
crystals gave reflections which appeared in the goniometer as a flattened 
figure 8, and best agreements were found in the angles taken from the outside 
of every pair of readings. In case the whole figure did not appear, results 
were unsatisfactory. 

On dissolving a large crystal in the mother-liquor by heat, c (001) was un- 
touched, d (101) was left even and a little pitted, and the edge between p (331) 
and o (133) was rapidly dissolved, leaving the deepest etching where these 
met at d (101). 

No conspicuous cleavage was noticed. 

The specific gravity was found to be 3.359. 

On heating crystals of this phase, they first decrepitate to an opaque yellow 
powder at 200° C., which, at 260° C., flows together. Above this temperature 
decomposition sets in, with the evolution of nitric fumes. Various colored 
masses result, deep red U;Os, bright red UOs, bright yellow K,UQOu, and on 
cooling a beautiful rose pink pervades the mass. 

This phase does not change over concentrated sulphuric acid, 7. e., has zero 
vapor-pressure at 20° C., but over acid corresponding to 11 mm. of mercury 
of partial pressure of water-vapor it turns whitish without becoming moist, 
probably due to the formation of KNO; and UO.(NOs)2 6H2O. This is the 
same pressure at which the diammonium salt deliquesces. 

The refractive index of dipotassium uranyl nitrate given by the faces (001) 
and d (101) were found to be 1.5422 for light vibrating parallel to the b axis 


CHEMISTRY OF FLUORESCING URANYL SALTS. 215 


and 1.5349 for light vibrating in the ac plane 26° 343’ from a toward c in the 
“acute” angle B. 

The composition was investigated by igniting to K,UO, and by washing 
out the K.SO, from sulphuric-acid solution precipitated with NH,OH and 
weighing the resulting U;03 and K2SO,. 


Theoretical. First. Second. 


p. ct. P..6t. Di. Cts 
63.78 64.61 63.52 
47.09 46.85 47 .03 
29.19 30.36 29.01 


The best crystals were obtained by cooling solutions supersaturated 1 


gram in 100 c.c. 
MonoamMMoniumM URANYL NITRATE. 


B form NH,UO2(NOs3)3. 


This salt forms from solutions containing uranyl nitrate and ammonium 
nitrate at room temperature if the acid-content is high and from water at 
higher temperatures. 

System trigonal; axial ratio a :c = 1: 1.0027 (a 97°6’). The forms are 
prismatic combinations of prism a (1120) with the rhombohedron r (1101) on 
the end, on the edges of which occur s (1012). 


Theory. | Steinmetz. W. 
rir =1101 : 1011 ...| 81°47’ | 81°54’ | 82° 8 
gi8=0112 :1102...] 51°19’ | 51°30’ | 51°36’ 


The column headed Theory gives the values for a substance having an axial 
ratio a:c = 1:1, the close approximation to which makes this a remarkable 
case and probably indicates something concerning the structure. 

Twins were observed in which the contact plane was s 1102 and the twin- 
ning axis, the axis of reference to which s was parallel, making the angle be- 
tween the two unique axes 119°54’ and giving the crystal the appearance of a 
flat hemimorphic orthorhombic crystal. The angle between the two r (1101) 
faces was calculated to be 21°32’ and found to be 21°=. 

Crystals of this form are stable in dry air, but begin to deliquesce and 
change to a light yellow chalky mass if the vapor-pressure of water is above 
9 mm. Hg. 

Intense pleochroism was observed in crystals about 0.01 mm. thick on a 
microscope slide, when they occurred lying on a prism face, the light vibrat- 
ing parallel to the unique axis appearing white, 7. e., less yellow than the 
mother-liquor in which the crystal lay, while that ordinary ray appeared a 
deep yellow. 

The monopotassium and monoammonium crystals separate from the same 
solution, there being no tendency to form mixed crystals. 

The composition of the crystals was checked as being the same as that 
given by Meyer and Wendel by igniting to the oxide. Theory, 59.22 per 
cent found, 58.97, and 58.86. 
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DIaAMMONIUM URANYL NITRATE. 
a form (NH,)2U02(N O3)42H20. 


This phase crystallizes from slightly acid solutions of uranyl nitrate con- 
taining a large excess of ammonium nitrate. Its solubility increases very 
- rapidly with rising temperature, until at about 60° C. the uranyl nitrate dis- 
solves out, leaving a residue of ammonium nitrate. This salt crystallizes 
very readily in large sulphur-yellow perfect crystals of 5 or 10 grams from a 
volume of solution that only gives 1 or 2 grams of monoammonium salt and 
crystallizes best if the room temperature is 10° to 15°. The fluorescence is 
very faint at 20° C., but increases rapidly below 0°, becoming stronger than 
that of the monoammonium salt at liquid-air temperatures. 

System monoclinic axial; ratio a:b: c¢ = 0.8419: 1 :0.5594; 8 94°55’. The 
habitus resembles that of a cube with octahedron, the forms being c (001), 
a (100),b (010),and 0 (111). The faces p (110) were also occasionally observed, 
and possibly (211). 

No cleavage was observed, thus increasing the resemblance to sulphur 
crystals. However, on heating rapidly, the crystals fill with cracks, and con- 
sequently seeded crystals often have a large single crack more or less parallel 
to a (100). 

Etch figures produced by resolution in a crystal in the mother-liquor were 
found once, the distinct forms being on 6 (010), with two rounded faces meet- 
ing in a line in the bottom as though a lens had been pressed in. The bottom 
edges were all parallel and about halfway between the edges of b (010) and 
o (111), 7. e., parallel to (102). 

The specific gravity was found to be 2.777. 

When these crystals are heated slowly they break down at about 140°, 
giving a pasty mass full of bubbles, which clears up slightly at 220°, but does 
not give a clear solution below 240°. On cooling, bright green crystals of the 
monoammonium salt form in a background of white ammonium nitrate. 

Crystals of this phase placed over sulphuric acid with a pressure of water- 
vapor of 4mm. started to lose water, turning to a whitish powder, and con- 
tinued to do so slowly at 5mm., although then they do not start. Placed 
over sulphuric acid with a vapor-tension of 11 mm., they deliquesce rapidly, 
soon going completely into solution. 

The refractive index was observed in two different directions, using natural 
faces. First, between 111 and 111 giving the light vibrating in the ac plane 
nearly parallel to the edge o 111: 0 111, with an index of 1.546, and that at 
right angles to the ac plane as 1.639; between the faces 6 010 and o 111, 
giving for light appearing on b to vibrate nearly parallel to edge between b (010) 
and o’ 111 as 1.508, and at right angles to that 1.619. 

The composition was determined by ignition to U;08, which gave 47.68 
and 47.62 per cent against theoretical 47.58. 


URANYL CHLORIDE. 
Neither the monohydrate UO.ClH2O described by de Coninck' as being 


formed by evaporating the solution prepared by precipitating the sulphate 
solution nor the trihydrate, which, according to Mylius and Dietz,” forms from 


1 de Coninck, Comptes Rendus, 148, 1769. 1909. 
2 Mylius and Dietz, Ber. d. d. Ch. Ges., 34, 2774. 1901. 
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the evaporation of the solution of the oxide in hydrochloric acid, were suc- 
cessfully prepared and freed from the sirupy mother-liquor so as to give good 
fluorescence spectra. 

DovusLE CHLORIDES. 

The alkali double chlorides, as was discovered early in this investigation in 
the case of the ammonium salt, give resolved spectra at room temperature. 
This makes the group quite important. The four double salts of ammonium, 
potassium, rubidium, and cesium were prepared. Attempts were made to 
prepare the double salts with silver, cadmium, zinc, and calcium, and also 
hydrazine and hydroxylamine, but resulted in each case in the formation of 
the crystals of the chloride added, in a sirup or mat of the uranyl chloride. 
The silver was sealed in a tube with a strong HCl solution as solvent, but 
although remaining white did not dissolve and recrystallize. The tetramethyl 
and tetraethyl ammonium chlorides described by Rimbach were not made. 

The alkali double chlorides in general were grown by evaporation in a des- 
iccator in presence of an excess of HCl, which is necessary to prevent hydrol- 
ysis of the uranyl chloride. This forces back the solubility of the alkali salt, 
so that the solutions usually contain an excess of uranyl chloride. The 
crystals, if allowed to stand in the open air, readily give off acid, turning the 
color of any indicator paper on which they are placed and in moist atmosphere 
deliquesce readily, the sirupy urany] chloride running away from a skeleton 
of alkali chloride. 


Porassium URANYL CHLORIDE. 
K:-UO2:Cl,;2H20. 


This salt was described by de la Provostage’ as occurring in hexagonal 
tables on c (001) bounded by o (111), w (111), m (110), » (110), b (010), g (021). 
The crystals measured by Rammelsberg were mostly prismatic along the a 
axis. The first type were those used in this work, although crystals tabular 
on 6b (010) were fairly frequent. 

System triclinic; axial ratio, a:b:c:=0.607 : 1: 560. a=80°41’; 8B=77°42’; 
vy = 91°18’. 


K.UO2Cl4.2H20. (NH,4)2UO02Cl4. 2H20. 
Calculated.| de la Provostage. | Rammelsberg. | Grailich. W. 
m :b=(110):(010)...] 60° 28’ 60° 30’ 60° 52’ 60° 30’+] 61° 0’ 
p : b= (110) :(010)...} 61° 33’ GUST OUD] mat Scyaiees eel crs wees | ¢ besarte s 60° 48’ 
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The properties of the crystals were similar to those of the ammonium salt, 
although the crystals seemed to grow larger more readily. 


1 de la Provostage, Ann. Chim. Phys. (3), 6, 165. 1842. 
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In the work of Jones and Strong,’ it was found that the absorption bands 
persist far out into the red, only the intensity decreases with such rapidity 
that great depths of solution were required to show them. To try this out 
in the case of the resolved spectra of the chlorides, thick layers were built up 
of several crystals and found out to hold. A very deep crystal was grown in 
a glass tube ground into the bottom of an inverted bottle-neck which held the 
solution. This crystal, which was 3 cm. thick, was never tried. 

Another investigation which was never finished was that of the char- 
acter of the spectra of mixed crystals, of which potassium ammonium salt 
K-NH,-UO2°Cli:2H2O was prepared as an example. 


AMMONIUM URANYL CHLORIDE. 
(NH4)2-UO2:Cl,-2H20. 


The crystal forms of this salt are practically identical with that of the 
. potassium salt, as shown by the table of angles under that salt. Intense 
pleochroism is noticed in this crystal when viewed through the c (001) face 
if the crystal is about 1mm. thick. The light vibrating parallel to the 
b (010) edge of the face, 2. e., parallel to the axis, is so little absorbed as to 
appear white and is also least refracted. The light vibrating nearly parallel 
to the b axis is strongly absorbed in the blue-violet and appears deep yellow 
even in these crystals. The refractive indices parallel to a and nearly parallel 
to b and c were measured on prisms cut so that light traveled parallel to the 
c face and at right angles to it. It happens that the letters of the refractive 
indices correspond to the axes to which they are nearest. 


720.) 1.564-1.566 1.619 1.622 
A580.} 1.566-1.574 1.633 1.637 
A500.} + 1.576-1.581 


The absorption is so great parallel to b that the value for \ 500 could not 


be obtained. 
Rusipium UrRANYL CHLORIDE. 


Rb2:UO2-Cl,-2H20. 


This is similar to the potassium and ammonium salts; although no measure- 
ments were taken, the crystals could not be distinguished, except by knowing 


the individual crystals. 
Camsium URANYL CHLORIDE. 


Cs,U0.Ck. 


The salt was crystallized as above from a solution containing cesium chlo- 
ride and uranyl chloride and presented a distinctly different appearance from 
the other members of the group. This is accounted for by the composition, 
which, according to Rimback, Wells and Boltwood,’ is the anhydrous chlo- 
ride instead of containing 2 molecules of water, as with the other salts. The 
crystals were elongated rhombs of yellow color, showing less fluorescence than 
the other salts. Under the polarizing microscope they showed a striking 


1 Jones and Strong, Carnegie Inst. Wash. Pub. No. 130, 90. 
2 Wells and Boltwood, Zeit. Anorg. Chem., 10, 181. 1895. 
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resemblance to gypsum, possessing the ‘‘fish-tail’’ twins and approximately 
the same angles and appearing different only in the yellow absorption. The 
crystals were so universally twinned that the interfacial angles could not be 
determined certainly. The largest face was b (010), with the two prism faces 
m (110) and y (110), and, as determined by measurement, practically all the 
end faces were d (011), r (031), s (031), although these usually appeared twice 
on a crystal, and other faces indicated by the measurement were g 111, x (111). 
System triclinic. 


b:m=010:110=49° 7’ ; m: q=110:111=43° 41’ 
b: 4=010:110=50° 50’ ; m:r=110:031 =86° 49’ 
b:d=010:011=40° 31’ pir=110:031=44° 0’ 
b:r=010:031 =67° 48’ pix=110:111=75° 24’ 


b: s=010:021 =57° 41’ 


The refractive index was determined through the faces b (010) and yu (110), 
the more deviated ray vibrating at an angle of about 15° from the prism edge 
toward the a axis. 


720 1.618 1.692 
A580 1.625 1.695 
500 1.634 1.714 


The index was also determined through the faces b (010) and d (011), the 
less-deviated ray vibrating parallel to this prism edge. 


A580 1.614 1.691 
A580 1.622 1.698 
URANYL SULPHATE. 

UO.S0,:3H.20. 


This salt was prepared by Cragwall, presumably as the trihydrate. On 
recrystallization of Kahlbaum material two forms appeared, a yellow opaque 
needle-mass tending to replace the bright green fluorescent grains. The 
yellow needles became more numerous on adding sulphuric acid, so uranic 
oxide was added to saturation, which proved to be in excess on evaporation. 
The bright green fluorescent crystals were difficult to keep, as they dried out 
readily in the air. Microscopic examination of the Cragwall preparation 
showed needles with parallel extinction and greater absorption and greater 
index the long way of the crystals, while the angle of the optical axes was 
very large and the sign positive. 

The acid sulphate, H,UO,(SO,).54,0, was reported by Wyrouboff.' 


DOUBLE URANYL SULPHATES. 


The double sulphates differ from the previous double salts in the occurrence 
of the sodium salt. The potassium, ammonium, rubidium, cesium, and 
thallous salts were also prepared by Cragwall in the form of powders result- 
ing from rapid precipitation by cooling. The potassium and rubidium salts 
especially showed very strong fluorescence, the sodium and ammonium good 
fluorescence, the czsium less, and the thallium practically none, and that was 
not resolved. Rimbach’ describes a dipotassium salt which was not pre- 
pared and one of hydroxylamine also. 


1Wyrouboff, Bull. Soc. fran. min. No. 32,351, 1909. 
2 Rimbach, J. c., 479. 
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These salts were all prepared by crystallization from water of the calculated 
quantities of the two single salts. Rimbach’ describes the potassium ammo- 
nium and rubidium salts as having each 2 molecules of water of crystallization. 
On the other hand, de Coninck’ describes the sodium potassium and cesium 
salts as having 3 molecules of water, while the ammonium commonly has 2, 
but can be made by special conditions with 3 molecules. 


Porassium URANYL SULPHATE. 
K,UO2(SOx)22H20. 


This salt separates readily on cooling a hot saturated solution of the two 
salts in equimolecular proportion. This, according to Rimbach, gives the 
dihydrate, according to de Coninck® the trihydrate. The salt prepared in this 
way is a fine crystalline powder, larger masses being clusters of crystals. A 
good crystal was discovered in an old solution of known strength. They 
were then obtained by supersaturating 0.1 to 0.5 gram of salt in 50 to 200 c.c. 
of solution, seeding, and allowing the tightly stoppered solution to stand from 
3 to 6 months, especially in the fall, when the room temperature gradually 
decreases. The crystals tend to form rosettes, clusters of crystals arising 
from the middle of the basal pinacoid. The smaller crystals are tabular on 
the base; the larger ones have large prism faces made up really of repeated 
pyramids. These are capped by the unit pyramid with brachydome and 
basal pinacoid. 

System rhombic; axial ratio a: b: c=0.5889: 1: 0.6253. 


cale. obs. calc. obs. 


bem— O10 tO — oc ela 32° 13’ ec: p=001:111=48° 2’ 48° 6’ 
ce: n=001:101=43° 18’ 43° 0! c: r=001:332=59° 3/ 59° 30’ 
ce: o=001:201=...... 622.530 ce: s=001:221=65° 47’ 64° 45’ 
c: k=001:011=30° 30’ 30° 19’ e: ¢=001:331=73° 18’ le -b2r 
Cob —O00T 020 =re ae 49° 20’ c:u=001:441=77° 20’ 77° 25! 
c 


: @=001:112=29° 4’ 30° 0’ 


B € 
|| to b. || to a. || to e. 


1.5610-1.5627 1.5220 1.5096 
1.5670-1.5705 | 1.5266 | 1.5144 
1.5785-1.5847 | 1.5350 | 1.5202 


No pleochroism was observed. Plane of axes a (100), obtuse bisectrix 
normal to base. Double refraction +. Cleavage was observed on the base. 


Rupipium URANYL SULPHATE. 
Rb2UO2(SO4)42H20. 


The rubidium salt was more fluorescent than the potassium salt and mor 
difficult to crystallize, so that measurements of it were not obtained. It is, 
however, completely isomorphous with the potassium salt. The composition, 
according to Rimbach,’ is as above, with 2 molecules of water. 

1 Rimbach, J. c., 478. . 
2 de Coninck, Bull. Acad. Roy. Belg., 1904, 1171; 1905, 50, 94. 


3 Ibid., 1905, 50. 
4 Rimbach, I. c., 479. 
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Castum URANYL SULPHATE. 
Cs2U02(SOx)23H20. 


This salt is so insoluble that no crystals could be produced. The Cragwall 
product recrystallized showed on the microscope-slide square plates about 
10 » in length, which showed a negative uniaxial figure. This salt, according 
to de Coninck,' has the same composition which he finds for the potassium 
salt, that is, 3H.O. 


AMMONIUM URANYL SULPHATE, 
(NH,4)2U02(SO4)22H20. 


This salt was not recrystallized, but showed similar characteristics to the 
potassium salt. When recrystallized it gave bundles of needles, the vibra- 
tions across which were most absorbed and most refracted. Rimbach de- 
scribes the salt as having 2 molecules of water. The crystals were found to be 
monoclinic by de la Provostaye.’ 

Soprum URANYL SULPHATE. 
Na,UO2(SO,4)23H20. 


This salt is described by de Coninck as having 3 molecules of water, which 
he finds also in the potassium salt. This salt as prepared by Cragwall was 
not recrystallized, but showed under the microscope one optical axis and the 
acute bisectrix with positive double refraction. It is, therefore, presumably 
triclinic, as the acute bisectrix was off normal in both directions. 

TuHaLLous URANYL SULPHATE. 
T1,U02(SO4)23H20. 


This salt was prepared by Cragwall from weighed amounts of the two salts 
according to Kohn,’ who found the salt to be of the above composition with 
probably 3H2O. The crystal description by Himmelbauer in the same 
article gives the system as rhombic, the symmetry from etch figures pyramidal. 
The forms are the three pinacoids with pyramid faces at the corners which 
were too small to measure. He observed through (100) in converged polarized 
light the plane of the axes for red and blue, at right angles the plane of the 
blue being that of the a and c axes; for green nearly uniaxial; for red light 
a is the acute bisectrix, the pleochroism on (100) distinct, parallel to c, deep 
yellow; parallel 6 yellowish white, but no noticeable pleochroism on (010). 
Crystals up to 3 mm. in diameter and 1 mm. thick, produced by slow cooling 
of the Cragwall salt, showed the axial figure, but it could not be surely seen 
to agree with the description, due to the intense absorption in the blue and 
green. The figure might be explained by anomalous dispersion due to the 


absorption band. 
PHOSPHATES. 


Uranyl phosphate (HUO2P0,.33H20), which precipitates from uranyl solu- 
tions on adding phosphates, possesses no fluorescence. If it is dissolved 
in an excess of acid it gives a glass or sirup with a brilliant fluorescence which 
can not be resolved beyond the bands. The sodium double salt was made 
by adding sodium phosphate to produce H,NaeCO2(PO.)2 to the uranyl 
phosphate with an excess of water, which on standing and evaporating gave 

1 de Coninck, Bull. Acad. Roy. Belg., 1905, 94. 


2 de la Provostaye, Ann. Chim. Phys. (3), 5,51. 1842. 
3 Kohn, Z. Anorg. Chem., 59, 111. 1908. 
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a fine crystalline mass which was very fluorescent. The spectrum of this was 
studied. The potassium, ammonium, lithium, and calcium salts were also 
prepared and seen to have characteristic line spectra, but were not studied 
further. The mineral autunite is a basic calcium uranyl phosphate which 
Stokes! says shows brilliant fluorescence, while chalcolite, the analagous copper 
compound, has none, but shows the same absorption bands characteristic 
of uranyl compounds. 


CHROMATES. 


An attempt was made to prepare the sodium uranyl chromate described by 
Rimbach, which resulted in a brown mass. The uranyl chromate UO2CrO.- 
3H2O (Orloff)? from UO; and CrO3 gave yellow needles with no fluorescence. 
The potassium salt from K,Cr.07 and UO; was also without fluoresecence. 


FLUORIDES. 


Cragwall prepared the uranous and uranyl fluoride from U;Osand HF, which 
showed practically no fluorescence. He also prepared the double potassium 
salt, K;U0.F; by adding KF to uranyl nitrate and (NH,)3; UO2F; by dissolving 
(NH,)2 U,0O7 in HF. The double salts showed characteristic spectra, but the 
fluorescence was very weak. 


URANYL IODATE. 


This salt was prepared from sodium iodate and uranyl nitrate by Cragwall 
by a method which, according to Artmann,* would result in UO2(1O3)2H2O of 
the rhombic form. This showed little fluorescence. 


MISCELLANEOUS INORGANIC COMPOUNDS. 


An attempt was made to produce bromides and iodides analogous to the 
chloride salts without results, due to decomposition with the liberation of | 
bromine and iodine. An attempt was also made to produce molybdyl and 
tungstyl ammonium chloride double salts analogous to the uranyl salts by 
heating the oxides with ammonium chloride and hydrochloric acid in sealed 
tubes, which in some cases resulted in crystals, which, however, showed no 
fluorescence. Uranic acid or H,UQ, was also sealed up in tubes with anhy- 
drous liquid NH;, COz, SOs, and HCl. None of the resulting compounds 
were soluble or fluorescent, although changes took place, the carbonate being 
nearly white, the sulphur-dioxide tube greenish, due to reduction, and the 
ammonia tube reddish like the diuranate. 

Of the uranates, the sodium potassium calcium and barium were made, none 
of which showed fluorescence, the first two being golden yellow plates, the 
latter two an amorphous greenish mass. 


URANYL ACETATES. 


The anhydrous uranyl acetate UO2(C2H;O2)2 was.prepared by Cragwall 
according to Spath® by adding acetic anhydride to uranic oxide. This latter 
took up some water and became partially the dihydrate. On recrystallizing 
some of the material from acetic-acid solution, small clear cubes were obtained 
which appeared to contain acetic acid of crystallization. 

1 Stokes, Phil. Trans. Roy. Soc. London, 142, 518. 1852. 
2 Orloff, Chem. Ztg., 31, 375. 1907. 
3H. F. Baker, Chem. Soc. Jour., 35, 763-769. 1879. 


4 Artmann, Z. Anorg. Chem., 79, 327, 1913. 
5 Spath, Monatsh. J. Ch. 33, 248. 1912. 
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Uranyt AcEtTATE DinyDRATE. 
UO2(C2H302)22H20. 


This salt was prepared by Cragwall by recrystallizing the anhydride from 
water solution. There was also a stock of material from Kahlbaum and un- 
known sources. In an attempt to recrystallize this salt in large, clear crystals 
much difficulty was met, as it usually fills with cracks as it grows. The best 
material, having as much as 4mm. cube of clear material, was obtained by 
supersaturating 2 grams in 200 c.c. and allowing a month or two to crystallize. 
The crystal properties were found to be similar to those described by Schabus,' 
the system being rhombic, with an axial ratio of 0.7817: 1: 0.3551, with the 
forms m (110), a (100), r (101), n (120), and 6 (010). The prism zone is very 
much striated, affording a continuous procession of reflections in the gonio- 
meter. Schabus finds cleavage on m, a, b, c, which accounts for their extreme 
friability. Zehenter? finds the specific gravity to be 2.898. The refractive 
index was determined through the dome as being 1.490 for light vibrating 
parallel to the c axis and 1.521 parallel to b. 

The uranyl acetate trihydrate, which, according to Schabus, forms below 
10° C., was not prepared. It crystallizes in the tetragonal system with an 
axial ratio of a:c = 1: 1.4054. 


DOUBLE URANYL ACETATES. 


The sodium salt occurs in the acetates as well as the sulphates and is the 
only uranyl salt crystallizing in the regular system. The ammonium and 
potassium salts seem to be isomorphous, in spite of the fact that the potassium 
salt is said to contain 1 molecule of water and the ammonium salt to be anhy- 
drous. The silver salt, which contains 1 molecule of water, is apparently 
isomorphous and the rubidium salt was found to have a similar axial ratio, as 
usual very near that of the ammonium salt. The similarity of axial ratio 
to that of the uranyl nitrate trihydrate suggests that these salts form a group 
that might well be studied further. The cesium salt could not be obtained, 
the uranyl dihydrate crystallizing out and leaving the cesium acetate in 
solution. The two hydrates of lithium uranyl acetate fully described by 
Wyrouboff* as being monoclinic were attempted, but only the room-tempera- 
ture form was obtained. The double salts of uranyl acetate with bivalent 
acetates were in general prepared by dissolving the oxide or carbonate of the 
second metal in acetic acid in excess, adding uranyl acetate in calculated 
amount, with water enough for complete solution, and allowing to crystallize 
by slow evaporation. Difficulties were encountered in the preparation of 
some of the salts, such as the calcium salt, which Rammelsberg also could not 
obtain, as described by Weselsky,* which was finally prepared by Weselsky 
method of precipitation with calcium carbonate and solution of the precipitate 
in acetic acid. The barium salt was finally prepared by this method. The 
cadmium was never prepared at all; at least, no specimen that gave anything 
but the uranyl-acetate spectrum. An attempt to produce a mercuric acetate 
also failed. 

1 Schabus, Prieschr. Wien, 207. 1855. 
2 Zehenter, Monats f. Ch., 21, 235. 1900. 


3 Wyrouboff, Bull. Soc. fran. min., 8, 115-122. 1885. 
4 Weselsky, J. Prakt. Chem., 75, 55. 1858. 
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The double acetates as a group were studied by Wertheim,’ Schabus,” 
Grailich,’ Weselsky,* and Rammelsberg.® The acetate group in general show 
much less intense fluorescence, tending to be of a dull yellow color. 

The uranyl double acetates with bivalent metals may be divided into two 
classes—the normal and the abnormal. The group HUO:2(C2H;02)3;3H20 
appears to act as a unit in forming crystals. In the alkali double salts the 
water of crystallization seems to be lacking, at least in the well-confirmed 
cases of the sodium and ammonium salts. The case of the manganese, cad- 
mium, and lead double salts seem also to be an exception, but with the other 
double acetates the ratio of uranium acetate to bivalent acetate seems to be 
2 to 1. The water of crystallization is variously given from 7, which was 
found uniformly by Rammelsberg, to 8 by Wertheim and 10 by Grailich. 
Since the water is likely to run high, due to occluded mother-liquor, and is 
such a small per cent of the total weight, it is not unreasonable to assume that 
these really are all hexahydrates. The manganese, when satisfying this 
valence ratio, and magnesium salts seem also to have 2 molecules of water to 
each uranyl radical. In the case of the triple salts this requirement is exactly 
fulfilled, each valence of base having a UO2(C2H3;02)3H20 group attached to it. 

In the case of the manganese, cadmium, and lead salts, this radical does 
not seem to act, but simply the two acetates are present inaltolratio. The 
spectra of the manganese salt was like that of the other double acetates; the 
cadmium was not formed or else gave a spectrum like that of the single ace- 
tate, and the lead was one of the salts which showed fluorescence lines coinci- 
dent with spark lines, so that no generalization can be made. 


Sopium URANYL ACETATE. 
N. aUQ, (C2H302)3. 


This well-known salt described by Grailich® crystallizes in the regular system 
with the least or pentagonal dodecahedral symmetry. It is usually in the 
form of tetrahedra, yellow, with light green fluorescence. Johnsen’ gives the 
specific gravity as 2.562 and the refractive index as 1.5014. Marback® and 
Traube’ give the optical rotation as 1.48°. The best crystals, up to 3 mm. in 
thickness by 8 mm. diameter, were obtained on long standing of slightly 
supersaturated solutions. Dr. Nishikawa tried to obtain X-ray diffraction 
patterns with these crystals, but could obtain nothing. 


Potassium URANYL ACETATE. 
KUO2(C2H302)3H2O. 
This salt was described by Wertheim” as having 1 molecule of water, which 
was also found by Schabus"* and Rammelsberg.” A recent determination by 


1 Wertheim, Jour. of Prakt. Chem. 29, 207-231. 1843. = 
2 Schabus, Best. d. Kystall gest. i. chem. Lab. Erz Prod. Preischr. Wien. 1855. 

8 Grailich, Kryst Opt. Untersuchung. Preisch. Wien, pp. 151-175. 1858. 

4 Weselsky, Jour. f. Prakt. Chem., 75, 55-62. 1858. 

5 Rammelsberg, Sitz. ber. Acad. Wiss. Berl., 857-887, 1884; Wied. Ann., 24, 293-318, 1885. 
§ Grailich, Preisschr. Wien, 151. 1858. 

7 Johnsen, N. Jahrbuch of Min. B. B., 23, 259. 1907. 

8 Marback, Pogg. Ann. d. Phys., 94,422. 1855. 

9 Traube, Liebisch Grundries der Phys. Kryst., 327. 1896. 

10 Wertheim, J. Prakt. Chem. 29, 223. 1842. 

11 Schabus, Sitz. ber. k. Akad. Wiss Wien, 857. 1884. 

12 Rammelsberg, Wied. Ann., 24, 293. 1885. 
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Zehenter’ gives 1/2 HO. Since the isomorphous ammonium salt is without 
water, and since both potassium acetate and uranyl acetate are hygroscopic 
and the salt occurs in needles, it seems likely that the water is not in the 
crystals. The crystals are mostly prism and pyramid of the tetragonal system, 
with the axial ratio a:c = 1: 1.2831, according to Schabus. The specific 
gravity is given by Zehenter as 2.396. The best crystals were obtained by 
slow cooling, the tendency being to form needles. It was prepared by dis- 
solving weighed potassium carbonate in an excess of acetic acid and adding the 
required amount of uranyl acetate. 
AMMONIUM URANYL ACETATE. 
(NH) UO2(C2H30.)s. 


This salt was prepared and measured by Rammelsberg,? who found 
the axial ratio 1: 1.4124 in the tetragonal system apparently isomorphous 
with the potassium salt. Grailich and Schrauf* assigned 1 molecule of water 
to this salt, but Rammelsberg denies this. Zehenter gives the specific gravity 
as 2.219. This was prepared by Cragwall by crystallizing equal molecular 
quantities of the two salts together. 

Roupiwium URANYL ACETATE. 
RbUO2(C2H;02)3.?H20. 


This salt was prepared by crystallizing uranyl acetate in calculated amount 
with rubidium acetate produced by evaporating off rubidium chloride several 
times with acetic acid. On cooling, tetragonal needles separated out, but on 
further evaporation the uranyl acetate separated, leaving the rubidium acetate 
in solution. The crystals were measured, giving an angle o0:m = (111): 
(110) = 26°33’, which corresponds to an axial ratio of a:c = 1: 1.4151. 

Strver Uranyit ACETATE. 
AgUO2(C2H302)3H20. 


This salt was prepared and measured by Wertheim, who found it tetra- 
gonal, with an axial ratio of 1.5385. He assigns 1 molecule of water of 
crystallization, which seems doubtful. This was prepared from calculated 
quantities of uranyl acetate and silver acetate dissolved in aqueous acetic 
acid. If left in the light the solution decomposes, which resulted in many 
of the crystals being covered with a black coating of silver. These crystals 
are more inclined to be granular. 

Liraiuom Uranyi ACETATES. 
LiUO2(C2H;02)33H20. 


This is given by Wyrouboff as crystallizing in the monoclinic system with 
the axial ratio a: b:c = 1.2647: 1: 1.5849; 6 = 99°53’. It forms readily on 
crystallization of water solution of the two acetates, but does not give very 
good crystals. The other hydrate, LiUO2(C:H;02);5H20, with forms below 
15° was not obtained. The solution was made by adding to weighed lithium 
carbonate which had been treated with an excess of acetic acid a calculated 
amount of uranyl acetate. This was put in a desiccator over dehydrated 
potassium acetate in an unheated room in winter, but the 5H2O phase was 
not found. 

1 Zehenter, Monatsh. f. Chem., 21, 235. 1900. 
2Rammelsberg, Sitz. ber. Acad. Wiss. Berl. 1859. 


3 Schrauf, Sitz. ber. d. Acad. Wiss. Wien, 41, 779. 1860. 
4 Wyrouboff, Bull. Soc. fran. Min., 8, 115. 18865. 
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MAGNESIUM URANYL ACETATES. 
Mg(UO:. (C2H302)3) 27 H20. 


This salt was found by Wertheim,’ who assigned it 8 HO, examined by 
Grailich,? who gave 10H.0, and finally given 7H,O by Rammelsberg.* It 
was found to crystallize in the rhombic system with the axial ratio 0.8944: 
1: 0.9923, one of the series of five isomorphous salts Mg, Fe, Co, Ni, and Zn. 
Lang‘ gives negative double refraction, axes in (001) plane, bisectrix a 2E = 
100°, and p< v. This salt was prepared by evaporation of a solution made by 
adding to a weighed sample of MgO an excess of acetic acid and the cal- 
culated amount of uranyl acetate. The crystals grow fairly large, up to 5 mm. 
with some readiness. 

Mg(UO2(C2H302)3)212H20. 


This hydrate, according to Rammelsberg,’ forms at low temperatures in 
large, rapidly weathering crystals with an axial ratio of 0.7667: 1: 0.5082. 
According to Grailich and Lang,® the double refraction is negative, the axes 
in a (100), bisectric c, 2E=138° for red and 10.5° for blue. The fluorescence 
is given as very strong emerald green. This hydrate was not obtained for 
examination. 

Caucium URANYL ACETATE. 
Ca (UO, (C2H3Oz)s) 28H,0. 


The salt was prepared by Weselsky and examined by Grailich.” Rammels-_ 
berg attempted to repeat this determination and could not obtain good 
crystals. Grailich found them to be of the rhombic system, with an axial 
ratio of 0.9798:1: 0.3865, with many faces. Lang® found interior twins. 
Grailich found no pleochroism, but greenish-blue fluorescence. ‘This salt was 
produced according to Weselsky’s precipitation method after the addition 
method had failed. 

Strontium Uranyut AcEratE. 
Sr(UO2(C2H302)3)26?H20. 


This salt was also prepared by Weselsky and could not be obtained by 
Rammelsberg. It was measured by Grailich, who reports it as being in the 
tetragonal system, with an axial ratio of 1: 0.8887. No trouble was found 
in producing it from strontium carbonate, acetic acid, and uranyl acetate. 


Barium URANYL ACETATE. 
Ba (UO (C2H302) 3) 26H2O . 


This salt was first produced by Wertheim and® later described by Rammels- 
berg,’° both of whom found 6 molecules of water, but neither of whom obtained 
crystals good enough to measure. The Weselsky method was also necessary 
to produce this compound, the first attempt giving only the uranyl acetate 
crystals. 

2 Grailich, l. c., 152. 7Grailich, 1. c., 159. 

3 Rammelsberg, Wied. Ann., 24,303. 8 Lang, l. c., 107. 


4 Lang, l. c., 107. 9 Wertheim, J. c., 230. 
5 Rammelsberg, Sitz. ber., 869. 10 Rammelsberg, I. c., 300. 
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Zinc URANYL ACETATE, 
Zn (UO2(C2H302)s)2 7H20. 


This salt was prepared by Weselsky' and examined by Grailich.2 Rammels- 
berg found the axial ratio to be 0.8749: 1: 0.9493 in the rhombic system. 
Grailich and Lang? found negative double refraction with the axes in c (001), 
bisectrix 6. The color, according to Grailich, is yellow with weak pleochroism; 
fluorescence is faint greenish. This salt from zine oxide, acetic acid, and 
uranyl acetate crystallized after some trouble in rhombic plates with little 
fluorescence. The uranyl acetate sometimes separated without the formation 
of the double salt. This belongs to the isomorphous magnesium group. 

Capmium URANYL ACETATE, 


Cd.U0O2. (C2H302).6H20. 


These crystals were made by Weselsky* and examined by Grailich, who 
found an axial ratio of 0.6289:1:0.3904 in the rhombic system. These 
crystals were also analyzed by Rammelsberg,”’ who found that the composition 
did not correspond to that of the zine salt, but had a 1 to 1 ratio of bivalent 
cadmium to uranium, thus making it like manganese and lead. These crystals 
could not be prepared, nothing but the uranyl acetate spectra being obtained. 

MANGANESE URANYL ACETATE. 
MnUO, (C2H302) 46H.O. 


These crystals, prepared by Weselsky® and examined by Grailich,’ were 
found to have the axial ratio of 0.6330 :1: 0.3942 in the rhombic system by 
Rammelsberg. The optical properties, according to Lang, are double re- 
fraction, negative, plane of the axes a (100), bisectric c, 2E=31°, with a 
yellow color. When prepared by evaporation of an acetic-acid solution of 
manganese carbonate and uranyl acetate, small yellow crystals were obtained. 

Mn [(UO2) (C2H302)s3]2 12H,0. 


These efflorescing crystals, obtained by Rammelsberg*® from the 1:1 solu- 
tion of the acetates while warm, which solution later deposited the other 
hydrate, is isomorphous with the magnesium dodecahydrate. Rammelsberg 
found it to be of the rhombic system, with the axial ratio of 0.7536:1:0.4957. 

Leap Uranyit ACETATE. 
PbUO2(C2H;02).4H20. 


This salt was obtained by Wertheim’ and later by Rammelsberg,” who gave 
it the above formula, which puts it in the 1:1 class with cadmium and man- 
ganese. The crystals are very readily formed as needles of any length—the 
greater the supersaturation the longer the needles. Some fairly compact 
plates were obtained as a second crop from a highly supersaturated solution. 
These were made from lead acetate and uranyl acetate in weighed proportions. 


TRIPLE ACETATES. 
These salts were discovered by Rammelsberg” in an attempt to get a copper 


uranyl double acetate and are found when sodium acetate is present with the 
bivalent metals, magnesium, manganese, iron, nickel, cobalt, copper, zinc, 


1 Weselsky, . Ic., 58. 5 Rammelsberg, l. c., 887. ° Wertheim, I. c., 227. 
2 Grailich, 1. c., 171. 6 Weselsky, I. c., 59. 10 Rammelsberg, Wied. Ann., 314. 
3 Lang, l. c., 51. 7 Grailich, l. c., 175. 11 Tbid., 315. 


4 Weselsky, l. c.,61. 8 Rammelsberg, I. c., 872. 
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and cadmium salts being reported. They are characterized by a temperature 
dimorphism being above a given temperature, trigonal, and below that mono- 
clinic twins and pseudotrigonal. They all have the same type formula de- 
rived from the monovalent uraniacetic acid HUO2(C:H;02);3H2O, which 
takes on in this case 1 atom each of monovalent metal (sodium in all cases 
studied) and 1 bivalent metal. These formula may also be written NaOH+R 
(OH)2+3U02(OH)2 + 9HC2H3;02, which would explain the exact relation 
between the number of acetic radicals and molecules of water of crystallization. 
This series was studied by Erb! and by Wyrouboff.? The temperature change 
was studied by Schwarz.’ This group is characterized by the pseudotrigonal 
appearance of a large basal pinacoid, six-sided, due to rhombohedron faces 
which are uneven, due to twinning. They are readily distinguished from 
uranyl acetate or the metallic acetate or uranyl double acetates by this char- 
acteristic shape. They do, however, resemble the sodium uranyl acetate 
considerably if it has uneven faces, due to the varying composition of the 
solution as it crystallizes. Under the crossed nicols, however, there is no 
question, the very characteristic twinning surfaces showing unmistakably. 
Soprum Maaenestum URANYL ACETATE. 
NaMeg[(UO2(C2H302)3 3H20%]s. 


These crystals, according to Wyrouboff,* are simply monoclinic if grown 
below 15° C., but as the temperature rises the twins become more numerous, 
until at 50° the whole crystal becomes trigonal. This process then reverses 
on cooling. Erb® describes them as sulphur-yellow crystals which weather 
readily. The axial ratio has not been determined closely because of the 
twinning. These crystals were grown better by slow pe than by slow 
or rapid cooling of supersaturated solutions. 


Sopium Zinc UrANyL ACETATE, 
NaZn[{(UO2(C2H302) 3H.0);. 


These crystals were produced by Erb, who did not obtain sufficient measure- 
ments to calculate the axial ratio. The temperature of conversion was found 
by Schwarz to be 95°. These crystals were made by adding to zinc oxide an 
excess of acetic acid, sodium uranyl acetate, and uranyl acetate in calculated 
proportions. These crystals were identified by the twins, as shown by 
polarization. They were found to weather fairly rapidly, even in moist 
summer weather. 

Sopium Capmium Uranyi ACETATE. 
NaCa[UO2(C:H;02)3 3H20]s. 


These crystals, prepared and measured by Wyrouboff,® have the axial ratio 
a:b: c=0.5162: 1: 0.9798; 6=90°9’; plane of the axes normal to 6 (010) 
and nearly parallel to a (100); positive bisectrix parallel to b, with large axial 
angle. The change to a uniaxial figure does not take place until nearly 200°, 
at which temperature the crystals effloresce. 


1 Erb, N. Jahr. of Min. B. B., 6, 121-147. 1888-89. 

2 Wyrouboff, Bull. Soc. fran. Min. 24, 93-104. 1901. 

3 Schwarz, Beitr. Z. Kenntn. d. umkehrbaren Umwandlungen polymorpher Korper. Preisschr 
d. Univ. Gottingen. 1892. 

4 Wyrouboff, J. c., 104. 

5 Erb, l. c., 126. 

6 Wyrouboff, I. c., 103: 
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Sopium CopreR URANYL ACETATE. 
Na Cu[UO2(C2H302)3 3H20};. 


This was the first salt of this series to be discovered by Rammelsberg. The 
axial ratio is given by Wyrouboff as a:b: c=0.5354:1: 0.9950; B=89° 55’. 
The double refraction is weakly positive, plane of the axes normal to b (010); 
the bisectrix 50° from c axis in the acute angle through the face c (001); 
2 E = 90° 50’; dispersion weak, r <v. According to Wyrouboff, it only 
becomes uniaxial at 140°, while Schwarz finds the conversion-point at 93.8°. 
This salt was prepared from cupric hydroxide, acetic acid, uranyl acetate, and 
sodium acetate in weighed amounts. On slow evaporation, large, clear 
crystals, though not free from twins, were obtained, some being 1 cm. in dia- 
meter and 2mm. thick. These were sealed in glass to prevent efflorescence. 

An attempt was made to produce the cobalt salt of this group, but it was not 
very suecessful. The manganese, iron, and nickel were not tried. The last salt 
was studied rather completely by Johnsen’ in an investigation of twinning. 


URANYL OXALATE. 
U02(C20,4) 3H20. 


This salt was described by Peligot and Ebelmen’ and later by Zimmerman.® 
This is an apparently. amorphous powder produced by adding oxalic acid to 
the neutral nitrate, which shows under the microscope small grains with 
brilliant polarization colors and an extinction angle with the long side of the 
crystals of 13°. A specimen of this was prepared by Cragwall and some 
material was also purified this way. 


DOUBLE URANYL OXALATE. 


The double salts seem to be formed fairly readily, the potassium salt being 
described by Ebelmen* and the ammonium salt by de la Provostage® and by 
Rammelsberg.® Wyrouboff? makes a comprehensive review, giving the 
following: 


Ke UO2(C20,)2 3H.0 monoclinic. 

(NHa)2 UO2(C204)2 2H,0 rhombic. 

Cs: UO2(C204)2 2H2O rhombic isomorphous with above. 
Tl UO2(C20,)2 2H2O rhombic isomorphous with above. 
Nae UOz (C204)2 6H20 triclinic. 

(NH4)4 UO2 (C20,)3 monoclinic. 

Tl, UOz (C204)3 monoclinic isomorphous with above. 
Ke UO; (C204)4 10H,O triclinic. 


None of these salts were tried. 


URANYL TARTRATE. 
U0.C.H10¢ . 4H.0. 


This salt was prepared by Cragwall by the method of Peligot* from uranyl 
hydroxide UO.(OH)2 from the ignition of uranyl nitrate and tartaric acid. 


1 Johnsen, N. Jahrb. Min. B. B., 23, 259. 1907. 

2 Peligot and Ebelmen, Liebig. Ann. Chem. 48, 282, 287. 1842. 
3 Zimmerman, Liebig. Ann. Chem., 232, 300. 1886. 

4 Bbelmen, Ann. Chim. Phys. (3), 5, 200. 1842. 

5 de la Provostage, ibid., 49. 

6 Rammelsberg, Handbuch d. Krystall. Chem., 264. 1855. 

7 Wyrouboff, Bull. Soc. Fran. Min., 32, 352. 1909. 

8 Peligot, Liebig Ann. Chem., 56, 231. 1845. 
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This was recrystallized from water and left microscopic plates with wide black 
edges, as on a crystal lying on b (010) and bounded by m (110) and ¢ (001), or 
else having a very high index, a low double refraction, and straight hyper- 
bolas, as from a tipped uniaxial crystal or near an optic axis. 


DOUBLE URANYL TARTRATES. 


The tartrates are exceedingly soluble, and likely to result in gums on 
drying, which do not crystallize. The existence of a sodium double salt in 
solution is indicated by the work of Grossman! and Loeb on the effect of heavy 
metals on the rotation of tartaric acid. The potassium double salt is de- 
scribed by Frisch? and the antimony] salt by Peligot (see uranyl tartrate), 
but none of the salts show fluorescence, so they were not taken up further. 
The corresponding molybdyl and tungstyl compounds were attempted, since 
the oxides are soluble in tartaric acid, but only thick gums which did not 
crystallize or fluoresce were obtained. 


Potassium URANYL TARTRATE. 
KeU02(C4H40o)2. 


This salt, described by Frisch, was prepared by Cragwall by adding uranyl 
nitrate to potassium tartrate and washing free from nitrates. Since Frisch 
produced his material by dissolving precipitated uranyl hydroxide in acid 
potassium tartrate (Weinstein) and found that it could not be crystallized by 
drying, but was precipitated by alcohol, it seems probable that the material 
which Cragwall obtained on washing was simply the acid potassium tartrate 
itself. Examination for fluorescence and under the microscope indicated 
this. 

ANTIMONYL URANYL TARTRATE. 
UO:.(SbO.CsH40¢)2 4H20. 


This is produced, according to Peligot, by adding uranyl nitrate solution to 
potassium antimony] tartrate solution. Cragwall washed the precipitate free 
from nitrates. The resulting material appeared to be amorphous and showed 
no fluorescence. In this case both basic radicals are commonly in the complex 
anion, so that it is difficult to decide which comes first. 


Potassium URANYL PROPIONATE. 
K UO2(C2H;02)3. 


Rimbach* examined the potassium and ammonium double salts with pro- 
pionic acid and the potassium double salt with butyric and valerianic acids. 
These crystallize in tetrahedra, according to Sachs,* but were not attempted 
for this work. 


1 Grossman and Loeb, Z. Phys. Chem., 72, 93. 1910. 
2 Frisch, J. Prakt. Chem. 97, 281. 1866. 

3 Rimbach, Ber., 37, 484. 1904. 

4 Sachs, Ber. 37, 484. 1904. 


APPENDIX 2. 
ON PHOSPHOROSCOPES. 


The uranium salts have exhibited under photo-excitation a type of phos- 
phorescence which persists but a few thousandths of a second, while under 
cathodo-excitation the type endures for several minutes. It was necessary 
to devise two phosphoroscopes of entirely different design to measure the two 
types of phosphorescence. The choice of a suitable phosphoroscope is a 
matter of great importance; hence, a brief summary of the types of phosphoro- 
scopes which have been employed since the time of the great pioneer student 
of phosphorescence, E. Becquerel, follows. Among the considerations which 
present themselves when the construction of a phosphoroscope is contemplated 
are the quantity of phosphorescent material available, the total time of decay, 
the temperature at which the specimen is to be studied, the nature of the ex- 
citation (e. g., photo-, ultra-violet, cathode rays, etc.), the ease with which 
saturation is obtained, and the initial brightness of the specimen. The 
phosphoroscopes which have been constructed can be divided into three 
classes: 

Type 1.—The specimen is periodically excited and periodically viewed at a 
later phase. 

Type 2.—The specimen is continuously excited and continuously viewed at 
a later phase. 

Type 3.—The specimen is excited for a measured interval of time and the 
intensity measured at a later time. This method is applicable to the slowest 
types of decay. 

Machines which may be classified as belonging to type 1 must operate at 
such speeds that no flicker is noticeable; hence the weakest intensity measured 
must fall within a total time of decay of one-sixteenth of a second. Many 
natural crystals, under photo-excita- 
tion, present very interesting phos- 
phorescence processes which appar- 
ently cease in less than this time. 
The very first steps in the long-time 
decays of such substances as the 
natural and artificial sulphides may 
be studied with the aid of a phosphoro- 
scope belonging to type 1. E. Bec- 
querel' devised, among other forms, a 
phosphoroscope of the intermittently 
excited type. The specimen was 
mounted between two parallel disks 
and was alternately illuminated and 
observed through properly adjusted 
openings in the disks. Figure 1 shows two such disks, each having four 
open sectors, mounted on the same axis but in different phase. Bec- 
querel caused the exciting light to pass into the translucent crystal through 


1. Becquerel, Annales de Chimie et de Physique (3), 55, p. 5. 1859. 
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the rear disk, while the opaque sector prevented the light from coming through 
the phosphoroscope to the eye. As the disk was revolving at a high speed, 
the light was quickly stopped from passing to the crystal by the interposition 
of an opaque sector of the rear disk. A small fraction of a second later the 
continued rotation brought an open sector of the front disk in line with the 
crystal and the eye, thereby allowing the phosphorescent light to be viewed 
on a dark field. The rotating parts were neatly mounted in a brass drum 
and driven by a crank through a system of gears. With such a type of 
phosphoroscope Becquerel detected the glow of the platino-cyanides only 
0.003 of a second after excitation. 

It is evident that to view opaque specimens, the excitation can not be 
directly behind the specimen; hence Becquerel' devised a phosphoroscope 
possessing only one rotating disk, figure 2, both diagrams with three openings, 
K, L, and R, arranged 120° apart. The disk revolved on a vertical axis 
between two fixed openings, 180° apart, the exciting light from X passing in 
through one of these two openings and the luminescent light passing out from 
the specimen P, upper diagram, through the other opening to the observer O 
a fraction of a second later. In figure 2 the sector is shown, in elevation, at 
such a position that the open sector R admits exciting light to P, and it is 
evident that an opaque sector is at that time to be found at S. On the other 
hand, when S is opened by the passage of an open sector, the open sector R 
has passed out of the line XP and an opaque sector is interposed. 


Fig. 2: 


KE. Wiedmann’ devised a phosphoroscope consisting essentially of a hollow 
brass drum fitted with a collimator and lens and revolving disk for the ad- 
mission of the exciting light. The exciting light passed intermittently through 
the open sectors of a sectored disk and the specimen, which was mounted 
within the drum, was thus intermittently excited. For the purpose of view- 
ing opaque specimens and liquids at a later phase, the revolving disk carried 
on the periphery a band with open sectors for excitation; thus the path of the 
phosphorescent light was at right angles to that of the exciting light. Wiede- 
mann constructed driving-gears with a ratio of 1,000:1 and hence obtained a 
rotary speed as great as 140 revolutions per second. Either the unassisted 
eye or a spectrometer was employed to view the phosphorescence. Stray 


1. Becquerel, Annales de Chimie et de Physique (3), v. 55, p. 80. 1859. 
2. Wiedmann, Wiedmann’s Annalen, vol. 34, p. 446. 1888. 
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light, always a menace in phosphorescent studies where photo-excitation is 
used, was present, and Wiedemann appreciated the necessity of devising some 
addition to his apparatus for the purpose of eliminating it. He favored the 
addition of another revolving sector, similar to and coaxial with the first, 
having openings in phase with it, and mounted between the first sector and the 
lens. When it is considered that the intensity of the undispersed phosphor- 
escence is from 1/100 to 1/1,000,000 that of the exciting light, it is evident 
that the introduction of a small per cent of the exciting light into the field of 
the phosphorescence completely aborts any attempt at quantitative measure- 
ments. 


Fia. 3. 


E. Merritt’ devised a phosphoroscope of the first type in which the phos- 
phorescent surface P (see fig. 3) was illuminated periodically by the passage 
of light from a spark S through an opening through a revolving disk OO’. 
The phosphorescence could be observed at the desired later time by changing 
the phase, while the machine is turning, of the mirror M relative to the 
opening O. This was accomplished in a unique manner by means of the rod 
L, which engages a hollow sleeve R having a spiral slot cut in it. A pin 
capable of sliding in this slot and attached to the opposite end of the same 
inner shaft as the mirror M, is moved into different phases with the disk 00’, 
which is mounted on the outside shaft. This outer shaft is driven by a belt 
and pulley and is keyed to the sleeve R; thus the drive is complete. Rod L 
does not rotate, but can be locked at any desired phase. Reflection of the 
phosphorescence, then, occurs at M, a simple photometer being employed to 
view the light. On the revolving shaft was mounted a worm-gear for record- 
ing the number of revolutions per minute. With this form of phosphoroscope 
the curves of decay of many substances were traced from zero time up to 
0.06 second. 

In the preceding phosphoroscopes the source of light has not been inter- 
mittent, but the periodic interruption of the beam of exciting light has pro- 
duced the effect of intermittent excitation on the specimen. Another group 
of instruments belonging to this type employs an intermittent discharge from 
condenser, induction coil, or transformer, as in the spark phosphoroscope of 


1B. Merritt, Nichols and Merritt, Studies in Luminescence, Carnegie Inst. Wash. Pub. No. 
152, p. 109. 1912. 
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Laborde,’ which included a rotating pattern to hide the specimen from the 
observer during excitation by the spark from an induction coil, and later 
uncover the specimen. 

Wm. Crookes,’ in his study of the cathode phosphorescence of yttria, noted 
that the color at the beginning of decay was different from that observed after 
the decay had continued for a short period, and accordingly devised a phos- 
phoroscope to study this change. Figure 4 serves to show that it was of the 
sectored-disk form and driven by cord and pulley. At a convenient distance 
was located an induction coil whose primary circuit was alternately made and 
broken by a commutator near the end of the revolving shaft C. The brushes 
could be so shifted as to cause the excitation of the phosphorescent substance 
P when an opaque sector passed between P and the eye. It was possible to 
change the period of decay by changing the speed or by changing the phase of 
the brushes relative to the edge of the sector. The phosphorescent substance 
was mounted in a convenient form of cathode-ray tube and excited by the dis- 
charge from the secondary of the coil. With the aid of the spectrometer, 
Crookes discovered that different lines appeared in the spectrum of the 
phosphorescent yttrium after 0.000875 second than at 0.0035 second. 


Fig. 4. 


Ph. Lenard’ devised a phosphoroscope which differs from the preceding 
forms, since no revolving disk is employed. To hide the specimen from view 
during excitation he used the motion of a screen mounted on the plunger of a 
Ruhmkorff mercury interrupter. The frequency of the interrupter was de- 
termined by that of the spring fork on which it was balanced; hence change 
in the period between excitation and observation was accomplished by chang- 
ing forks. The discharge of a condenser in parallel with secondary circuit 
of the coil was thus timed by the interruptions of the primary circuit to occur 
while the vibrating screen was in front of the specimen. 

De Watteville* constructed a machine similar in principle to that of Laborde 
and Crookes (see fig. 5). The specimen, together with the spark, was mounted 


1 Laborde, Comptes Rendus, vol. 68, p. 1576. 

2 Crookes, Proceedings of the Royal Society, vol. 42, p. 111. 1887. 
3 Ph. Lenard, Wiedmann’s Annalen, 46, p. 637. 

4 De Watteville, Comptes Rendus, 142, p. 1078. 
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in the box K and was visible to the observer, except when the two arms of the 
rotating disk D intercepted the phosphorescent light. At such times one of 
the points, P or P’, completed the circuit from B through A to K, allowing the 
discharge of the condenser C to excite the specimen at K; the condenser had 
been previously charged by coil S. Twice a revolution, then, the specimen 
was excited and observed. 


$s 


Fie. 5. 


Nichols and Howes,’ to study the phosphorescence of the urany] salts, de- 
vised a phosphoroscope of considerable precision. Except for the work of 
Nichols and Merritt, Trowbridge, Ives, and a few others, the previously 
mentioned students of phosphorescence have been content to measure the 
intensity at two or three periods of decay, but the above-mentioned investi- 
gators have taken many observations on one substance and established curves 
of decay for each substance studied. For such measurements, refinements for 
precluding measureable stray light and for accurately measuring the time 
intervals and for maintaining constant speed are a necessity. The synchrono- 
phosphorosope (see fig. 6) was so named because it employs the principle of a 
sectored disk mounted on the axle of a synchronous motor A.C. This motor 
was raised to synchronous speed by the direct-current motor D. C. The 
transformer TT was attached to the same alternating-current terminals as 
was the A. C. motor; hence the discharge of the condenser occurred as many 
times per second as the number of wave-crests, 7. e., 120. There were four 
opaque sectors and four open sectors in the disk WW, and since the four-pole 
machine turned at a speed of 30 revolutions per second, there were 120 eclipses 


1 Nichols and Howes, Science, n. s., vol. 43, p. 937. 1916. 
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per second. By means of a small set-screw the disk could be clamped at 
various positions on the shaft, corresponding to various times in the decay 
process. Without the star-wheel SS the discharge of the condenser KK 
produced an exciting spark at #’, which, with the aid of a revolving mirror, was 
found to consist of a pilot-spark, followed by five or six smaller sparks; hence 
the zinc star-wheel SS was mounted on the shaft to reduce the discharge to 
one spark. By experimenting with small and large capacities it was found 
that resonance must be recognized, and the proper amount of capacity to 
produce a regular, strong spark was finally discovered. The measurements 
of time were read with the aid of the light yielded by the exciting spark by 
noting the position of the edge of the sectors on a protractor mounted rigidly 
in front of the machine. The range of times accurately measureable include 
those from 0.0001 to 0.0040 second by 0.0001-second steps. The photometer, 
spectro-photometer, camera, and spectrograph have been successfully used 
with this instrument. 


Fia. 6. 


In their preliminary study of the cathodo-phosphorescence of the rare 
earths, Nichols, Wick, and Wilber’ employed a phosphoroscope with a disk 
mounted on the shaft of a motor. The primary of an induction coil was 
interrupted by a plunger attached to a crank on the shaft of the motor. The 
plunger, once in a revolution, dipped into the mercury cistern, while the 
opaque portion of the disk hid the specimen from view, and as a result the 
specimen was excited by the discharge of the secondary coil through a cathode- 
ray tube, much after the manner of Crookes’s device. 

The change in time between excitation and observation was accomplished 
by changing the speed of the motor, and an ammeter in the field circuit was 
calibrated to measure the angular velocity. It is evident that with only one 
excitation per revolution only one open sector could be used. 

The second type of phosphoroscope includes those instruments by means 
of which the specimen is constantly excited and constantly viewed at a later 
time. Such a form had its origin with E. Becquerel.? This form was used for 
lecture demonstrations by Tyndall.* In its simplest form it consists of a 


1 Nichols, Wick, and Wilber, Physical Review (2), vol. 14, 1919. 
2 Becquerel, E., Annales de Chimie et de Physique (3), vol. 62, p. 5. 1861. 
3 Tyndall, see Lewis Wright, ‘‘ Light,” p. 152. London, 1882. 
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drum (see fig. 7) whose periphery P is covered with a phosphorescent sub- 
stance, provided with a source of excitation S mounted in a box A, and driven 
by belt BB and pulley. The viewing collimator or photometer is indicated 
at E. 

Kester’ employed a device of this type, together with spectrometers and 
radiometer, to study the relation of intensity of excitation to that of phos- 
phorescence. 


E 


1 Ken ie 


Waggoner’ mounted on a vertical shaft an iron drum 45 cm. in diameter. 
This mass, being considerable, acted as a balance on the irregularities of the 
motor speed. The exciting spark was so mounted that it could be moved 
about the drum, thus enabling the observer to measure the brightness at 
various times after the spark ceased. The periphery was painted, as before, 
with the phosphorescent substance. The revolutions of the drum were auto- 
matically recorded on a chronograph. With this device the spectrum of early 
phosphorescence was studied with the aid of the spectrometer and decay 
curves of the total visible radiation were taken. 

Nichols and Howes,’ in the study of the phosphorescence of calcite, em- 
ployed this type with a drum of 8.0 cm. diameter (see fig. 8). The eye-piece 
E was arranged at 180° from the spark A, the spark thus being completely 
hidden from the observer by the opaque drum D. Effective screening was 
added to prevent stray light from entering either face of the Lummer-Brodhun 
cube L. B. and a filter F was interposed between the comparison lamp C 

1 Kester, Physical Review (1), vol. 9, p. 164. 


2 Waggoner, Carnegie Inst. Wash. Pub. No. 152, p. 119. 
3 Nichols, Howes, and Wilber, Physical Review (2), vol. 12, p. 350. 1918. 
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and the cube to produce a color match with the reddish color of the phos- 
phorescence. Although the angle between spark and observing photometer 
remained constantly 180°, the time of decay could be varied between 0.01 
second and 8 or 4 seconds by changing the motor field or by throwing in a 


DISK PHOSPHOROSCOPE. 


Fra. 8. 


| 


Fia. 9. 


worm-gear drive. Two features were added to make the device more useful. 
First, the phosphorescent substance was never painted on the disk, but on 
brass rings which fitted neatly on the disk; second, the speeds were known by 
reading on a galvanometer G the deflections produced by a current induced 
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by a disk below the phosphorescent disk, but on the same shaft. This disk 
cut the field between two electromagnets M, one brush B on the rim, the 
other, B’, on the shaft delivering the current to the galvanometer. The con- 
stancy of the magnetic field was maintained by examining the readings of an 
ammeter in series with the electromagnets and storage cells, and precautions 
were taken to eliminate thermal electromotive forces at the brushes. In the 
use of this type of phosphoroscope, as well as the first type, readings of in- 


c 


= 
Fie. 10. 


tensity are only comparable through a range of speeds for which saturation is 
obtained. With the red variety of calcite, saturation was found to exist with 
the iron spark 1 cm. from the disk for all speeds, which gave more than 0.02 
second decay; hence measurements in which the time interval from the close 
of excitation to observation was not greater than 0.02 second were rejected. 
To use this instrument with greater precision it is necessary to take account 
of the variations in the spark. For this purpose an auxiliary station, with 
photometer P and lamp C2, was arranged (fig. 9), where simultaneous readings 
of intensity of phosphorescence were taken while the chief observer, with aid 
of the spectrophotometer H and lamp Ci, measured the intensity of the phos- 
phorescence throughout the spectrum. 


° 
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To study the early stages of the cathodo-phosphorescence of calcite, Nichols 
and Howes! devised a vacuum phosphoroscope, outlined in figure 10. The 
phosphorescent specimen was applied to the periphery of the disk P and 
excited by means of the cathode discharge from K. The vacuum-tube V was 
fitted to the ground plate N. The shaft was balanced in an iron tube 115 cm. 
in length, the mercury rising from the iron reservoir C to the barometric 
height. The shaft was driven by a pulley, cord, and variable-speed motor, 
and the revolutions were recorded by the commutating device at the bottom 
wired to the chronograph. Intensities of phosphorescence were measured 
with the aid of lamp P, photometer bar S, and Lummer-Brodhun cube T. 

The third type of phosphoroscope, in which the specimen is excited for a 
definite time and viewed at varying but definite times after excitation, in- 
cludes the form used by Nichols and Merritt in their extensive studies’ of the 
luminescence of sidot blende. 


The specimen was mounted diagonally in a box having two openings with 
shutters, one to admit excitation, the other to allow the luminescence to be 
viewed after excitation. The eye of the observer was thus protected from the 
brilliant luminescence during excitation, but was able to view the phosphor- 
escence with no fatigue when the shutter of the luminescence window opened. 
The time when the phosphorescence intensity became equal to that of the 
comparison field was recorded on the chronograph by means of a key in the 


1 Nichols, Howes, and Wilber, J. c. 
? Nichols and Merritt, Carnegie Inst. Wash. Pub. No. 152, p. 41. 
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hand of the observer. A series of such comparisons, together with the initial 
time, formed a series of points for a decay curve. It is clear that such a 
device is only suitable for the study of decay which endures for several minutes. 

E. H. Kennard! devised a phosphoroscope of this type with shutters actuated 
by the magnetic release of phosphor-bronze springs. Three shutters (Sj, So, 
Ss, of fig. 11) were used, S; to admit exciting light from the mercury arc A 
to the specimen P, S2 and 8; to limit the time during which the phosphorescence 
was allowed to produce photo-electric action on the cellC. The latter adapta- 
tion to phosphorescence work is unique. In his preliminary work the times 
between opening and closing of shutters were determined from the known 
curve of a ballistic galvanometer, the passage of a shutter opening and closing 
shunts which allowed a definite quantity of electricity to pass into the gal- 
vanometer. In his later work the shutters were magnetically released by the 
swing of a seconds pendulum across mercury cups set at convenient positions 
along the path of the bob. The photo-electric current, for low intensities, is 
proportional to the intensity of phosphorescence and was measured by a 
quadrant electrometer. 

It is to be inferred from the preceding summary on phosphoroscopes that 
there may be no single machine which is well adapted to the study of a par- 
ticular phosphorescent specimen under investigation. As in the study of 
phosphorescence in the past, the investigator has often devised one or more 
machines for the study of the various types of phosphorescence; so in the 
future the machine must be adapted to the behavior of the specimen. Then, 
too, the precision with which the time of observation is desired makes it 
necessary that the modern phosphoroscope be equipped with an accurate and 
if possible a direct-reading speed register. The plotting of decay curves by 
Nichols and Merritt, Trowbridge, Ives, and others made it imperative that 
both times and excitations be well known. The lack of constancy of excita- 
tion has been recognized and observations corrected. The importance of 
obtaining the same degree of saturation before decay begins is paramount if 
results are to be considered comparable. In the use of the continuously 
excited type the importance of this factor becomes evident. The use of the 
interrupted excitation type for eclipses of 16 or less a second should be entirely 
avoided, because of the behavior of the eye when flicker is noticeable. The 
human eye should not be fatigued beyond instant recovery during the process 
of observing decay, neither should it be dark-adapted before beginning a set 
of observations. The necessity of adequate screening is of great importance 
when it is considered that luminescence radiation is several thousand times 
less than the photo-excitation of approximately the same wave-length. Stray 
luminescence may add to the selected portion of the luminescence beam and 
produce errors. These factors are fundamental considerations for the future 
student of phosphorescence. 


1 Kennard, Physical Review (2), vol. 4, p. 278. 1914. 
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